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Ultraviolet-Induced Hemolysis of Frog Erythrocytes 
in the Presence of Various Nonelectrolytes' 


SAMUEL P. MARONEY, JR. 


Department of Biology and Mountain Lake Biological Station, 
University of Virginia, Charlottesville, Virginia 


The mammalian erythrocyte has for 
many years provided an excellent experi- 
mental tool for the study of cell perme- 
ability (Ponder ’48) and in fact is still one 
of the most studied cells in this regard. 
Recently, investigations of the permeability 
changes induced by ultraviolet radiation 
have been added to the numerous other 
data on mammalian erythrocyte permeabil- 
ity (Leu, Wilbrandt and Liechti, ’42; Cook, 
°56; Green, 56). Potassium loss and so- 
dium gain by the erythrocyte following 
ultraviolet radiation (Green, 56) as well 
as ultraviolet-induced hemolysis (Leu, 
Wilbrandt and Liechti, ’42; Cook, ’56) have 
been demonstrated. 

Hemolysis of the erythrocyte from lower 
vertebrate forms has received less attention 
(Ponder, ’48) even though large variations 
in red cell permeability have been demon- 
strated among lower vertebrate species 
(Jacobs, Glassman and Parpart, 51). The 
presence of an active oxidative metabolism 
(Hunter and Hunter, 57) and its contri- 
bution to the maintenance of the cation 
transport system (Maizels, 54), and the 
presence of a nucleus sufficiently distin- 
guish the lower vertebrate erythrocytes 
from the mammalian red cell to warrant 
further study of these lower vertebrate 
cells. It would not be justified, however, 
to discard the wealth of information gath- 
ered for the mammalian erythrocyte as not 
x all applicable to the lower vertebrate 
erythrocytes, e.g., concepts of membrane 
structure (Parpart and Ballentine, 52). 
In the present investigation, ultraviolet 
induced hemolysis of the frog erythrocyte 
was observed as it occurred in the presence 
of various alcohols. 


METHODS 


Blood drawn from the aorta of freshly 
pithed frogs (Rana pipiens) was hepari- 


nized, diluted about 5 times in Ringer’s 
solution,’ centrifuged and the supernate 
plasma discarded. The cells were washed 
two times in 10 volumes of Ringer’s solu- 
tion and finally suspended in Ringer’s solu- 
tion in a dilution of 1:100 by volume. The 
frog erythrocyte is relatively fragile so that 
centrifugation and resuspension were ac- 
complished as gently as possible. 

Methyl, ethyl, propyl, butyl, and amyl 
alcohols and propylene glycol were each 
diluted to a final concentration of 0.219 M 
with distilled water. This concentration 
was isosmotic with the Ringer’s solution. 

Equal volumes of each alcohol and the 
erythrocyte suspension were mixed so that 
the erythrocytes were then suspended in a 
solution isosmotic with Ringer’s solution 
and consisting of 0.109M alcohol and 
0.059 M ions. The concentration of cells 
in this solution was 1:200. One sample of 
cells was diluted with Ringer’s solution and 
Was isosmotic with respect to salt ions. 
Another sample was mixed with an equal 
volume of distilled water and was 0.5 isos- 
motic. This 0.5 isosmotic sample was a 
necessary control since the alcohols quickly 
reach equilibrium across the cell mem- 
brane. The cell then acts as if it were in 
the salt solution present (Davson, ’52) 
which in the case of the alcohols was 0.5 
Ringer’s solution. In a few experiments, 
isosmotic sucrose (0.219M) replaced 0.4 
of the Ringer’s solution. 

Drops from each mixture were put on 
quartz slides for irradiation and sealed 
under vaseline-edged coverslips while con- 
trol drops were put on glass slides and 


1 This work was performed during the tenure of 
a National Science Foundation Summer Fellow- 
ship. 

2NaCl, 0.111 M; KCl, 0.002 M; CaCl:, 0.001 M; 
Phosphate buffer, 0.001M; NaHCOs;, 0.0001 M; 
glucose, 0.0027 M; pH 7.4. 
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sealed in the same manner. Ultraviolet 
from a G.E. 15 watt germicidal lamp was 
directed at the bottom of the quartz slides 
from a distance of 5 cm usually for two 
minutes. Time from the mixing of erythro- 
cytes and alcohols to irradiation varied 
between 15 and 30 minutes. The slides 
were kept at room temperature (24°C to 
26°C) and the cells observed under low 
power at 30 minute intervals. For each 
preparation, a microscopic field was se- 
lected and the cells present in the field 
counted with the aid of a Whipple disc in 
the ocular. At each 30 minute interval, the 
same field was observed and the percent- 
age of cells that had become hemolysed 
ascertained. Three hundred to 500 cells 
were included in each count. 


RESULTS 


The plotting of the per cent of hemo- 
lysed cells.in the cell population against 
time following ultraviolet irradiation pro- 
duces an S-shaped curve (fig. 1). Immedi- 
ately following ultraviolet irradiation, no 
hemolysis was apparent; the cells appeared 
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Figure 1 
Fig. 1 


@, 2 minutes UV, Ringer’s solution; 
solution (0.6). 
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ovately discoid and exhibited the banding 
described by Trotter (’56). This configura 
tion persisted for varying lengths of time 
from one experiment to the next at the 
same ultraviolet dose and was dose de 
pendent (fig. 1). The onset of hemolysi: 
was marked by alteration of most of the 
cells from discoid to a nearly spherical 
form. Once begun, the rate of hemolysis 
in the cell population increased rapidly 
with the inflection of the S-shaped curve at 
about 50% hemolysis. The abrupt onset 
of hemolysis and the relatively steep he. 
molysis curves suggests a reasonably uni. 
form population of cells. It is possible that 
most of the more fragile cells hemolysed 
and were lost during the washing process 
as the centrifugal forces were kept at a 
minimum. It should be noted that the 
hemolysis rates do not follow the dose 
square relationship described by Cook 
(56). This will be dealt with in a sub- 
sequent publication. Control samples (no 
ultraviolet) showed no hemolysis even 
after 9 to 10 hours incubation. By this 
time, the controls had notable bacterial 


TIME AFTER UV - HOURS 
Figure 2 


Hemolysis following ultraviolet irradiation. O, 4 minutes UV, Ringer’s solution: 
A, 4 minutes UV, isosmotic sucrose (0.4) plus Ringer’s 


Fig. 2 Hemolysis of cells in the presence of various alcohols f i i 
‘ i ‘ } : ollowing two minutes ultra- 
violet radiation. &, Ringer’s solution; @, 0.5 Ringer’s solution; @, propylene glycol; Ox metal 


alcohol; ©, ethyl alcohol; 


©, propyl alcohol; (, butyl alcohol; ©, amyl alcohol; The amyl 


alcohol control (no radiation) hemolysed with a 50% hemolvsis ti 
m0 ysis time of 3.8 hou 
graph), All other controls containing alcohol but receiving no radiation ina Faia 


lysis during the experiment, 
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growth and results beyond this time were 
not considered reliable. Hemolysis did not 
occur when isosmotic sucrose replaced 
0.4 of the Ringer’s solution (fig. 1). 

The per cent hemolysis following ultra- 
violet irradiation in the presénce of the 
various alcohols also described an S-shaped 
curve (fig. 2). Data for the times required 
for 50% hemolysis are summarized in 
table 1 where the alcohols are listed ac- 
cording to their increasing capacity for 
dissolving lipids. Suspending cells in a 0.5 
Ringer’s solution prior to ultraviolet rather 
than isosmotic Ringer’s solution resulted 
in a one-third reduction of the time for 
50% hemolysis. It should be noted that 
the alcohols which dissolve lipids less 
readily, i.e., propylene glycol, methyl alco- 
hol, had 50% hemolysis times near that of 
0.5 Ringer’s solution. These alcohols did 
not increase the effectiveness of ultraviolet 
radiation. Ethyl, propyl, butyl, and amyl 
alcohols increased the effectiveness of 


HEMOLYSIS 3 


ultraviolet in causing hemolysis according 
to their increasing capacity for dissolving 
lipids. Of these, only amyl alcohol caused 
hemolysis in cells not exposed to ultra- 
violet radiation. The slopes of the per cent 
hemolysis curves (between 25% and 75% 
hemolysis ) indicated that the rate of ultra- 
violet-induced hemolysis was also in- 
creased when ethyl, propyl, butyl or amyl 
alcohols were included in the medium 
(table 1). The variation was large between 
experiments as evidenced by the large 
standard deviations, but the trend in each 
experiment was for increasing rate of ultra- 
violet-induced hemolysis with the increas- 
ing lipid solubility of the alcohol tested. A 
typical result is presented in figure 2. 


DISCUSSION 


Leu, Wilbrandt and Liechti (’42) and 
Cook (756) offer evidence that hemolysis 
of mammalian erythrocytes following ultra- 
violet irradiation is a colloid osmotic phe- 


TABLE 1 


Time in hours for 50% hemolysis and hemolysis rate following two minutes ultraviolet irradiation 


Time for 50% 
hemolysis and 


Treatment Stawdacd 
deviation 
Ringer’s 55 == 1-956)" 
0.5 Ringer’s 3.57 + 0.96(6) 
Propylene glycol 3.05+0.94(4) 
0.5 Ringer’s 3.78+1.17(4) 
Methanol 3.08 + 0.79(6) 
0.5 Ringer’s 3.57+ 0.96(6) 
Ethanol 2.46+ 0.70(5) 
0.5 Ringer’s 3.74+0.97(5) 
Propanol 2.07 + 0.56(6) 
0.5 Ringer’s 3.57+0.96(6) 
Butanol 1.10+0.12(5) 
0.5 Ringer’s 3.74+0.97(5) 
Amy] alcohol? 0.14 (a3) 
0.5 Ringer’s 3.20 (5) 


Per cent hemolysis 


h d 
P Motandard P 
deviation 
36.2+ 8.9(6) 
< 0.05 < 0.01 


71.8+23.9(6) 
75.0 + 33.8(4) 


> 0.10 > 0.10 
67.2+25.1(4) 
71.8 + 29.6(6) 

0:10 > 0.10 
71.8 + 23.9(6) 
95.0+31.4(5) 

< 0.05 > 0.10 
66.2+ 21.8(5) 

107.7 +34.1(6) 

< 0.01 > 0.05 

71.8 + 23.9(6) 
128.3 + 24.0(5) 

< 0.01 < 0.01 

66.2+21.8(5) 
308 (5) 
75 (5) 


1 Number of experiments. 


2 Non irradiated cells showed hemolysis although irradiated samples always hemolysed eau cones 
Standard deviations were not determined since in two instances, the samples SHOE ues t an 0 
hemolysis at the first observation following irradiation (about 5 minutes ). The di erence between 
the amyl alcohol sample and 0.5 Ringer’s solution is nonetheless significant by inspection. 
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nomenon. For colloid osmotic pressure to 
cause swelling and hemolysis, the cell 
must be freely permeable to sodium and 
potassium and ultraviolet has been dem- 
onstrated to increase the permeabilty of 
mammalian erythrocytes to these cations 
(Green, ’56). Ultraviolet-induced hemo- 
lysis in the frog erythrocytes also appeared 
to result from the colloid osmotic pressure 
of the cell interior. This is supported by 
the observation that the irradiated cell 
swelled in an isosmotic medium and failed 
to hemolyse when non-penetrating sucrose 
molecules were present in the ionic me- 
dium to counter the osmotic effect of the 
erythrocyte hemoglobin. 

The more rapid hemolysis of cells in 0.5 
Ringer’s solution as compared to cells in 
isosmotic Ringer’s solution may be attrib- 
uted to the osmotic swelling caused by this 
hypotonic medium. These cells would 
reach the critical volume for hemolysis 
more rapidly because of this initial osmotic 
swelling. Cells irradiated in the presence 
of the less lipid soluble alcohols, e.g., pro- 
pylene glycol, methyl alcohol, hemolysed 
at a rate comparable to cells in 0.5 Ringer’s 
solution. It is concluded from this that 
these alcohols penetrated the cells causing 
the osmotic pressure within the cells to 
rise. Water entered the cell to compensate 
for the increased osmotic pressure, a 
process which would continue until the 
alcohol concentration was equal inside and 
outside the cell (Davson, 52). At this 
point the cell acted osmotically as if it 
were in a medium of the concentration of 
the ions present, i.e., 0.5 Ringer’s solution, 
and the same explanation for more rapid 
hemolysis holds for these cells as for cells 
in 0.5 Ringer’s solution (above). It should 
be noted that at the concentrations used, 
none of these alcohols caused hemolysis of 
the non-irradiated cells. 

The hemolysis of cells irradiated in the 
presence of the other alcohols cannot be 
attributed exclusively to the phenomenon 
described above, i.e., osmotic swelling, al- 
though it is assumed that these alcohols 
also quickly reach diffusion equilibrium 
across the erythrocyte membrane. Ethyl, 
propyl, butyl, and amyl alcohols each 
caused 50% hemolysis following ultra- 
violet radiation to be reached more rapidly 
than 0.5 Ringer’s solution, i.e., ultraviolet- 


induced hemolysis started sooner and th 
hemolysis rate was greater. Except fo 
amyl alcohol, these effects occurred at alco- 
hol concentrations which did not cause 
hemolysis of the non-irradiated cells. Par- 
part and Green (’51) have shown that one 
of the alcohols used here (butyl) can in- 
crease the permeability of mammalian 
erythrocytes to cations and further that 
swelling and presumably hemolysis de- 
pends upon the rate of cation exchange. It 
is postulated that in the present experi-; 
ments the alcohols altered the cell mem- 
brane lipids resulting in an increased 
cation permeability but that this alteration 
was not sufficient to induce hemolysis. A! 
constant ultraviolet damage was added toj 
the variable alteration of membrane lipids; 
by the alcohols to permit a cation exchange! 
rapid enough for hemolysis at a greater} 
rate than induced by either agent alone., 
The progressive enhancement of ultra- 
violet induced hemolysis by the alcohols: 
according to their increased lipid solubility: 
supports this postulate. 


SUMMARY 


1. Ultraviolet irradiation caused frog! 
erythrocytes to hemolyse in an isosmotic! 
Ringer’s solution. If isosmotic sucrose re- 
placed a portion of the Ringer’s, hemolysis: 
was prevented. 

2. Dilution of the Ringer’s solution by; 
one-half shortened the time for 50% he- 
molysis following ultraviolet irradiation. 
If one-half of the Ringer’s were replaced! 
by isosmotic propylene glycol or methyl 
alcohol, the 50% hemolysis time was near 
that of the 0.5 Ringer’s solution. 

3. When isosmotic ethyl, propyl, butyl, 
or amyl alcohol replaced one-half of the 
Ringer’s solution, ultraviolet induced he- 
molysis was further increased in accord- 
ance with the lipid solubility of the alcohol 
present. Only amyl alcohol caused he- 
molysis of non-irradiated erythrocytes. 
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The Action of an Antimetabolite of Thiamine on 
Single Myelinated Nerve Fibers 


STEPHEN F. PETROPULOS 
Institute of Physiology, Bern, Switzerland 


The problem of the role played by thi- 
amine during the excitatory process in 
nerve has been the subject of a number of 
investigations (a review of the approaches 
to this problem and the results obtained 
was given by von Muralt, ’58a). 

With the discovery of two antimetabo- 
lites of thiamine, neopyrithiamine (Tracy 
and Elderfield, 41; Woolley and White, 
*43) and oxythiamine (Soodak and Cere- 
cedo, ’44) it became possible to distinguish 
two physiological roles of thiamine (Gurt- 
ner, 57). Oxythiamine is a competitor for 
cocarboxylase which, when administered 
to an animal, causes an increased content 
of pyruvic acid in the blood without a sig- 
nificant disturbance of the nervous system. 
Neopyrithiamine is a competitor for thi- 
amine itself and elicits the typical symp- 
toms observed in beri-beri, ie., general 
disturbance of the nervous system. It was 
this evidence that led Woolley in 1954 to 
the conclusion that neopyrithiamine com- 
petes with some thiamine compound whose 
metabolic function is not mediated through 
cocarboxylase while oxythiamine inhibits 
the more general reactions in the body 
which require cocarboxylase. Von Muralt 
(43) had postulated the existence of this 
second role of thiamine. From his work 
with Gurtner (’57) he concluded that there 

_are two different modes of action of thi- 
amine, one being its action in nerve metab- 
olism, the other the enzymatic role of 
cocarboxylase in general metabolism. 

Other antithiamine principles are known 

'which belong to the so called structure- 

/modifying class of antimetabolites (Som- 

ogyi, 56). Unlike the competitive replace- 

“ment activity of neopyrithiamine, these 
substances act by modifying the structure 
of the thiamine molecule thus making it 

physiologically inactive. The antithiamine 
principle found in carp intestine which 


causes the classical Chastek paralysis 
(Green, ’36) is an example of this type of 
antithiamine. This substance splits thia- 
mine into pyrimidine and thiazol (Sealock 
and coworkers, 43). Another interesting 
example of structure modifying substances 
is the antithiamine principle found in fern 
extracts (Weswig and coworkers, 746). 
Both of these antithiamine substances 
have proved effective in experiments on 
nerve activity. Carp extracts and fern ex- 
tracts of high antithiamine activity were 
found to abolish the normal response to 
fresh water of the water receptors in the 
frog when these substances were applied 
to the superficial endings of the glosso- 
pharyngeal nerve of the frog’s tongue (von 
Muralt and Zotterman, 52). Konnecci and 
von Muralt (’49) obtained a reversible in- 
crease of threshold and a block of conduc- 
tion with whole nerve bundles of frog using 
fern extracts. 

Further advances have been made in the 
purification of the B.-antimetabolite of fern 
by Somogyi and Kohler (’59). Two active 
products of this antithiamine factor, hy- 
drolysates I and II,’ have been obtained. 
In view of the availability of these two 
active substances, this present work on the 
action of fern antithiamine principle was 
undertaken in the hope of further clarify- 
ing the role played by thiamine in nervous 
activity. 

MATERIALS AND METHODS 


1. Preparation of single myelinated 
nerve fibers from the N. ischiadicus of 


1The antithiamine substances used in these 
experiments were supplied by Dr. J. C. Somogyi, 
Director, Institut fur Ernahrungsforschung, Zu- 
rich. These substances are designated hydrolysate 
I and II. For all practical purposes there is no 
physiologically significant difference in their 
mode of action (hydrolysate II is more active 
than I) and in this paper they are simply re- 
ferred to as hydrolysate. 
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frog (Rana esculenta) was accomplished 
according to the method of Staémpfli (752). 

2. Solutions. The solutions used con- 
tained the following ion concentrations: 

A. Ringer’s solution: NaCl, 116 mM/]; 
KHCO,, 2 mM/1; CaCk, 1.1 mM/1. 

B. 20, 40 and 60 mM KCl—Ringer’s. 
Replace 20, 40 and 60 mM NaCl with KCl, 
all other ions remain the same. 

C. Isotonic KCl, 116 mM/1. 

D. Hydrolysate solutions. These con- 
tained 2 mg hydrolysate per 32 ml of the 
various above mentioned solutions. Using 
the thiochrome test as a measure of the 
antithiamine activity of the hydrolysate 
solutions, Somogyi et al., (59) showed 
that 1 mg hydrolysate inactivates between 
19 and 21 gammas of thiamine, which is 
about 10 times more active than the crude 
fern extract. 

3. Electrophysiological methods: 

A. Bridge. The bridge used in these 
experiments employs the principle of the 
air gap between nodes N: and N; to insure 
a high external resistance (in the order 
of M2). If care is taken that only the 
myelinated portion of the internode bridges 
the air gap, no damage to the fiber can 
be observed. N:2 was isolated from N: and 
Ns with vaseline. These two neighboring 
nodes were narcotized with a 0.3% co- 
caine-Ringer’s solution. By employing the 
multi-valved spigot of Stémpfli (Kilb and 
Stampfli, 55) the solutions surrounding 


N: could be changed with great rapidity. 
B. Stimulating and recording apparatus. 
The arrangement of stimulating and re- 
cording apparatus was the same as used 
by Liittgau (’54, 56a). Both the Tonnies — 
double pulse stimulator and the Grass 
stimulator were employed. Potentials were | 
recorded with a cathode follower (T6n-. 
nies No. 236-1955), a D.C. preamplifier | 
(Cossor model 1430) and a cathode ray 
oscilloscope (Dumont type 304a) with a 
high input resistance. 
C. Action potentials and differentiated | 
action potentials. A stimulus of 0.44. 
msec. was used for the production of the 
action potentials and one of 2.2 msec. for 
the differentiated action potentials. These 
were applied between electrodes E, and 
E:. The potentials were recorded between 
nodes Nz and N;. Differentiated action 
potentials were obtained by introducing 
an appropriate RC-link (200 pF and 100 k 
ohms) into the recording circuit. The ef- 
fect of hydrolysate on the potentials was 
recorded after node N: had been bathed 
for 5 minutes in hydrolysate solutions. 

D. S-curves (the measure of the rate of | 
rise of the action potential as a function 
of membrane potential). This relation- 
ship, which was studied according to the 
method of Hodgkin and Huxley (’52), 
Weidmann (755) and Liittgau (’56b), 
yields an S-curve which is theoretically a 
measure of the inward streaming of so- 


cocaine 


vasoline 


cocaine 


Fig. 1 Schematic representation of stimulating and recording apparatus. FE; and E, 
stimulating electrodes. E3 and E4, recording electrodes. Ni, No and Ns, nodes of Ranvier 
of single nerve fiber, isolated by vaseline. Solutions in middle trough can be changed from 


Ringer’s solution to test solution. Nodes N; and N3 narcotized with 0.3% 


solution.. Air gap lies between Nz and N3. 
to scale.) 


cocaine-Ringer’s 


(The fiber with its myelin sheath is not drawn 


tial levels for a few msec. 
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dium ions that can be obtained after havy- 
ing kept the membrane at different poten- 
Using the 
Tonnies double pulse stimulator, a con- 
ditioning pulse of 20 msec. duration with 
varying electrical sign and magnitude was 
given followed immediately by a test pulse 
of 5 msec. Changes in the height of the 
differentiated action potential were re- 
corded. 

E. Resting potential. The resting po- 
tential was measured as the potential drop 
between nodes Nz and N3; which occurred 
when N: was depolarized with a 116 mM/1 
KC] solution (isotonic). The value of this 
potential shift was usually ¥% to ¥ of the 
absolute value. 

F. Membrane potential as a function of 
the external potassium concentration. 
This relationship (Huxley and Stampfili, 
Ola, 51b) was studied in the following 
manner: the solution surrounding Nz was 
changed from Ringer’s to 116 mM/1 KCI to 
determine the amount of potential drop 
actually being recorded. The solution was 
then changed to Ringer’s. When repolari- 
zation was completed, the above step was 
repeated with 20, 40 and then 60 mM/1 
KCl-Ringer’s solutions. To determine the 
effects of hydrolysate on membrane poten- 
tial and on the relationship of membrane 
potential to external potassium concentra- 
tion, node Nz was bathed in Ringer’s and 
then in Ringers plus hydrolysate for 
5min. The change in potential was re- 
corded. Solutions were then changed from 
Ringer’s plus hydrolysate to 20, 40 and 
then 60 mM/1 KCl-Ringer’s plus hy- 


_ drolysate. 


G. Junction potentials. Junction poten- 
tials which might arise at the recording 
electrode during the changing of solutions 
were controlled by measuring the poten- 
tial between the electrode E; and a Ling- 
Gerard micro-electrode filled with 3 M KCl 
immersed in the middle trough of the 


bridge. Since no such junction potentials 
'were observed, solutions were changed 


: 


without further precautions. 


RESULTS 


A typical experiment depicted in figure 2 
shows that bathing node N: in Ringer's 
plus hydrolysate caused an initial decrease 
in the action potential which slowed down 


and was measured after 5 minutes, start- 
ing from 59.9 mv in Ringer’s to 38.3 mv 
in Ringer’s plus hydrolysate (21.6 mv 
difference) and a decrease in the differ- 
entiated action potential starting from 375 
v/sec. in Ringer’s to 138 v/sec. in Ringer’s 
plus hydrolysate (237 v/sec. difference). 
Recovery was obtained when the node had 
been washed out for 6 minutes with 
Ringer’s solution. 

In addition to the effect on the action 
potential, measurements with a DC amp- 
lifier showed a hyperpolarization of the 
membrane of + 7 mv (12 experiments + 
1.1 mv). The S-curves which were ob- 
tained show that the presence of the hy- 
drolysate causes a shift to the right which 
is considerably larger than the effect of 
hyperpolarization. In addition there is a 
marked drop of the upper plateau of the 
curve such as that obtained with sodium 
poor solutions, c.f. figure 3a (Weidmann, 
705). The zero point of the hydrolysate 
curve was shifted 7 mv to the right to 
allow for the hyperpolarization. 

The addition of hydrolysate to Ringer’s 
solution and to the solutions containing 
the varying concentrations of KCl resulted 
in a hyperpolarization over the entire 
range of KCl concentrations tested (c.f. 
fig. 4a). 

Addition of an excess of thiamine (6 mg 
B: per 2 mg hydrolysate) to the solutions 
containing hydrolysate before applying 
them to the node N:2 resulted in a com- 
plete disappearance of the effects obtained 
with hydrolysate alone (c.f. figs. 3b, 4b). 
Experiments in vitro show that 2 mg of 
hydrolysate inactivate about 40 gamma of 
thiamine, thus the amounts of thiamine 
used to neutralize the antithiamine effect 
were quite sufficient. 


DISCUSSION 


According to the ionic hypothesis of 
electrical activity (Hodgkin, 51), the rise 
of the action potential results from the 
inflow of sodium ions into the fiber. In 
myelinated nerve fibers this process takes 
place only at the node (Stampfli, 54). 
The rate of rise of the action potential 
(dx/dt) is a theoretical measure of this 
inflow (Weidmann, ’55). The S-curve 
(dx/dt plotted against membrane poten- 
tial) can be interpreted in terms of the 
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Ringer Hydrolysate Ringer 


59.9 mV 38.3mvV 60.4 mV 


—_———— 
eee 


5 min 6 min 


oe ' satiate 343 V/sec { 
(ime q 


(7 


— 
2msec 
Fig. 2 Tracings of action potentials (above) and differentiated action potentials (below) 
showing the effect of hydrolysate (center) after 5 minutes and the recovery in Ringer’s 
(right) after 6 minutes. Values for the action potentials are given at the left in millivolts 
(mv). Values for dx/dt are given in volts per second, v/sec. (Only the values for the 
rising phase have been used in this paper.) 


Visec Wsec 


Ox 
x 
10) 
Ringer 10) Ringer [0} 
Hydrolysate e Hydrolysate & B, Xx 
-40 30 20 10 Oo 10 20 30+40 — 40) 530)" 200101 O lO 2053040 
MEMBRANE POTENTIAL mV MEMBRANE POTENTIAL mV 


Fig. 3 A, the maximal rate of the rise of action potential as a function of membrane 
potential. Ordinate: maximal rate of rise (v/sec.). Abscissa: membrane potential, given as 
the absolute value of the change in membrane potential resulting from a conditioning im- 
pulse. Measurements were made 5 minutes after solutions were changed. A conditioning 
pulse of 20 msec. duration and varying electrical sign and magnitude was used to alter the 
membrane potential, followed immediately by a test pulse of 5 msec. S-curve with dotted 
circles corresponds to Ringer’s solution and solid circle, to Ringer’s plus hydrolysate. B, 
S-curve plotted in the same way as figure 3A. Circles with dot correspond to Ringer’s solu- 
tion, crosses to hydrolysate with an addition of thiamine. 
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Fig. 4 A, the membrane potential (ordinate) as a function of the external potassium 


concentration (abscissa). 


Circles with dot correspond to Ringer’s solutions with varying 


concentrations of KCl; solid circles, to hydrolysate with varying KCl concentrations. B, 
curve plotted in same way as figure 4A. Circles with dot correspond to Ringer’s solution 
with varying concentrations of KCl; crosses, to hydrolysate plus thiamine with varying 
KCl concentrations (mean values of 6 experiments). 


inactivation of the sodium carrying system 
(Hodgkin and Huxley, 52). The decrease 
in the height of the differentiated action 
potentials and the drop in the upper pla- 
teau of the S-curve caused by the action 
of the hydrolysate suggest that this anti- 
thiamine principle decreases the number 
of active sodium carriers available. This 
effect is abolished by an excess of thiamine 
(fig. 3b) showing that the action is mainly 
due to its inactivation of thiamine and 
not to other properties. The effect, more- 
over, is reversible (fig. 2) indicating that 
the antithiamine principle might act only 
by forming a loose bound complex with 
thiamine in the nerve which can be dis- 
solved simply by washing with Ringer's 
solution. 

Although this antithiamine principle of 
fern was at first believed to be of the thi- 
amine destroying class of antimetabolites 
(von Muralt, 58), Somogyi is now under 
the impression that its reaction is of the 
thiamine complex forming type (Somogyi, 
personal communication). This could ex- 


plain the reversibility which was found in 
the present experiments. 

The reversibility of the reaction and the 
fact that it can be checked by adding an 
excess of thiamine to the hydrolysate are 
characteristics which differ from those 
found in the experiments with neopyri- 
thiamine by Kunz (756). He found that 
only slight reversibility of the reaction 
could be obtained by washing out the node 
with Ringer’s solution and that addition 
of thiamine to neopyrithiamine gave no 
protection to the nerve. This is not in 
concordance with in vivo studies by Wool- 
ley et al. (43) and Gurtner (’57) who 
found that simultaneous administration of 
thiamine with neopyrithiamine diminished 
the effects of the antimetabolite depend- 
ing on the relative concentrations of thi- 
amine to antithiamine. Thus, if neopyri- 
thiamine acts by competitively replacing 
thiamine in the active sites of the organism 
this same type of competition is to be 
expected in nerve, but here there seems 
to be a special mechanism involved. The 
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protective action of thiamine in the ex- 
periments with hydrolysate is assumed to 
result from an inactivation of the anti- 
thiamine principle of fern. 

According to the ionic hypothesis, the 
membrane potential is, in first approxima- 
tion, the potassium potential. The magni- 
tude of the membrane potential depends 
on the concentration ratio of K* between 
inside and outside and of Cl~ between 
outside and inside and the absolute tem- 
perature, according to the Goldman for- 
mula (’43) as applied by Hodgkin and 
Katz (’49). In order to explain the hyper- 
polarization caused by the hydrolysate ac- 
cording to this hypothesis, three possibili- 
ties might be considered: (a) The action 
of the hydrolysate may be due to a binding 
of potassium ions in the immediate vicin- 
ity of the excitable membrane by the anti- 
thiamine molecule thus decreasing the 
external Kt concentration and yielding a 
hyperpolarization. This is an explanation 
of the hyperpolarization which does not 
involve the action of the hydrolysate on 
thiamine in the nerve. (b) The inactiva- 
tion of thiamine by the antimetabolite 
might act by increasing the internal K* 
concentration and thereby the membrane 
potential. This would help to explain why, 
at external KCl concentrations of 116 
mM/1 (isotonic) where the internal K* 
concentration should equal the external K* 
concentration, there is still a hyperpolari- 
zation indicating that the internal K* con- 
centration is greater than 116 mM/I. (c) 
The hyperpolarization may also be ex- 
plained by assuming that the inactivation 
of thiamine causes a change in the Cl- 
permeability at the resting potential but 
this version would not explain the shift 
at external isotonic KCl concentrations. 

At present, no decision can be made 
between these possibilities and no infer- 
ence is made that these are the only pos- 
sible explanations. 

In order to explain the effect of hydroly- 
sate on the sodium carrying system our 
present knowledge is not sufficient to offer 
any conclusions. The experimental fact 
as such is interesting and may be ex- 
plained in the light of further work. 
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Analysis of the Spectrophotometric Reflectance 
Response of Frogs to Melanophore Hormone"? 


ROBERT S. TEAGUE anp JANE R. PATTON 
Department of Pharmacology, University of Alabama Medical Center, 


Birmingham, Alabama 


Chromatophore responses have _tradi- 
jionally been evaluated by observation of 
he position of pigment granules in the 
ells, the position being sometimes as- 
signed a number on an arbitrary scale de- 
scribed by Hogben and Slome (731). In 
searching for an objective method of meas- 
iring melanosome migration within me- 
anophores of frogs, certain objective tech- 
fiques have been introduced. These were 
‘eviewed by Thing (752), who devised a 
eflection photometer to measure responses 
n living Rana esculenta and compared 
he results with the melanophore index. 
Shizume, Lerner and Fitzpatrick (754) 
measured responses in isolated skin of 
Rana pipiens with a reflection photometer, 
1 method which was compared with similar 
neasurements in intact frogs by Deutsch, 
Angelakos and Loew (757). Rigler and 
Holzbauer (753) have measured the rela- 
ive absorbance of isolated skin. 

This communication contains basic in- 
formation concerning the physical aspects 
xf amphibian color change and its rela- 
ionship to melanophore hormone, as re- 
vealed by the use of spectrophotometric 
lirectional reflectance. 


METHODS 


Representatives of two genera of anura, 
Hyla cinerea cinerea (Schneider) and Rana 
pipiens pipiens Schreber, were studied. All 
unimals were hypophysectomized by the 
method of Hogben (22) before use. The 
isual pallor of the skin was noted soon 
ifter the operation and the animals were 
mable to darken in response to overhead 
Mumination when placed on a black back- 
sround. 

Spectral directional reflectance was 
neasured with the Beckman model B spec- 
rophotometer equipped with a reflection 
assembly, a photomultiplier attachment, 


and a Sorensen model 1001 voltage regula- 
tor. The reflection assembly was mounted 
with the sample aperture upwards. Over 
the aperture was placed a copper platform, 
painted black and made to fit on the as- 
sembly. A circular hole approximately 6 
mm in diameter was drilled in the plat- 
form for the incident light beam. The lid 
of the instrument was closed, with the frog 
lying supine on the platform, when a read- 
ing was taken. 

The frogs were immobilized before being 
read by immersion in 2—5% urethane. 
The skin was kept moist and excess water 
was removed by blotting before each read- 
ing. Roughly the same area was read on 
each occasion; a mid-line region approxi- 
mately in the center of the dorsum of Hyla 
and background areas between fixed pig- 
mented spots of Rana were used. The ani- 
mals were allowed to remain on the plat- 
form for only a few seconds at one time. 
We have previously reported that readings 
under urethane do not differ significantly 
from those of unanesthetized Hyla; varia- 
tions in the readings of different areas of 
the dorsum, variations of the same area 
during one day, and variations from day 
to day have been noted (Patton and 
Teague, 759). 

U.S.P. Posterior Pituitary Reference 
Standard Powder was used as the melano- 
phore hormone preparation. It was ex- 
tracted with 0.25% acetic acid and a solu- 
tion was prepared, according to the U.S.P. 
Reference Standards Committee recom- 
mendations, to contain 2 U.S.P. Posterior 
Pituitary Units per ml. Injections of 0.1 
ml volumes were made into the ventral 
lymph sac approached via the hind limb, 


1 Aided by grant C-3101 from the U.S.P.H.S. 

2Preliminary abstracts have been published 
(Teague, R. S., and J. R. Patton: Federation 
Proc., 17: 414, 1958; 18: 450, 1959). 
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using a one-inch, 27 gauge needle. The 
solution was diluted appropriately with 
distilled water, and stored at 5°C. 

Magnesium carbonate was used as the 
primary standard for reflectance measure- 
ments. Since the reflectance of the dorsum 
of hypophysectomized frogs is extremely 
low when read against magnesium Car- 
bonate, we have introduced the use of 
secondary reflectance standards. For the 
secondary standards, we have employed 
the Munsell series of neutral value papers, 
which have zero chroma and reflect no 
hue.* At a given wavelength, the product 
of the reading of the secondary standard 
against magnesium carbonate and the 
reading of the sample against the second- 
ary standard gives the reflectance of the 
sample. In some cases, when a single 
wavelength was employed, wood blocks 
painted gray were used as secondary stand- 
ards. The secondary standards offered 
certain technical advantages: the differ- 
ence between the sample and standard 
readings was greatly reduced, and the 
readings of the animals after injection 
were spread over a relatively wider portion 
of the galvanometer scale. 

Statistical analyses were performed by 
accepted methods (Snedecor, 56; Bliss 
and Calhoun, 754). 


Theoretical aspects 


The most important factor in amphibian 
color change is the position of the melano- 
somes in the dermal melanophore cells 
(Noble, 54). After hypophysectomy, the 
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Fig. 1 Photomicrographs of th 
(left) and after a supramaximal dose of mela 
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e dorsi of h 


melanosomes aggregate centripetally (co 
centration) near the nucleus of the melan 
phore cell, mostly underneath the guan 
phores. Upon injection of melanophoré 
hormone, the melanosomes migrate cent 
fugally (dispersion) in the melanophore 
covering the sides and eventually neark 
all the external surface of the guan 
phores. Enlarged photomicrographs o 
the dorsum of an hypophysectomized Hyl 
cinerea are shown in figure 1, before ana 
after injection of a large dose of melan 
phore hormone. In the living frog, small 
collections of melanosomes can be seen 
with the dissecting microscope after hyj 
pophysectomy; after a supramaximal dos¢ 
of melanophore hormone, small, green 
areas of the skin unobscured by the me: 
lanosomes, are still visible. 

The question of the relative importance 
of melanophore hormone, other hormoness 
nervous control, or direct response to ligh) 
cannot be examined here; in our experi 
ence, healthy, uninjected, hypophysectomr 
ized Hyla as well as Rana show only mino> 
fluctuations in reflectance, while melanoz 
phore hormone injections are followed by 
major changes. 

The physical model of this color chang¢ 
would seem to be that of a completel 
opaque layer consisting of a two-coloranp 
system: a mixture of nearly non-lighti 
scattering, large, opaque particles (m 
lanosomes ) and a (light-scattering ) turbia 


’ Purchased from the Munsell Color Compan 
Street, 


Ince 107 sHast 
Maryland. 


Franklin Baltimore 


ypophysectomized Hyla cinerea, uninjected 
nophore hormone (right). Green filter, 
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nedium. Under these circumstances, the 
lirectional reflectance value (R) obtained 
san be considered to be the reflectivity 
‘R.) of the colorant layer.* At a given 
wavelength, the following equation, will 
Zive the ratio, K/S, of the absorption 
coefficient to the scattering coefficient of 
the layer: 
(1—R»)? K 
ya eG 


[he optical signature of the color of this 
layer would be shown by a plot of logi 
(1—R.)’/2R. against the wavelength 
(Judd, *52). 

As the melanosomes, under influence of 
melanophore hormone, migrate and begin 
to obscure the green of the medium, the 
reflectivity of the layer falls, reaching a 
minimum with a maximum dose. The 
additive function of reflectivity at each 
wavelength should be refiectivity, itself, 
and the laws of color mixture by averaging 
should apply. Thus, at each wavelength, 
the reflectivity of the mixture would be 
equal to the sum of the relative proportions 
of the pigments in the layer multiplied by 
their respective reflectivities, or, 

Ra=f, Re+f. Re, (2) 


where f, and f: are the proportions of 
melanosomes and of the light-scattering 
(green or non-black) pigment medium in 
the mixture, and f,+f.—1. R» and Ra, 
are their respective reflectivities. <A 
method for estimating R, and R. will be 
illustrated below. Since R, at each dose 
level of a dose-response curve can be de- 
termined experimentally, the proportion 
(f,) of melanosomes in the layer may then 
be related to the dose of melanophore 
hormone. 


(1) 


RESULTS AND DISCUSSION 


I. The reflectance spectra 


The reflectance of a number of speci- 
mens of hypophysectomized Hyla cinerea 
and Rana pipiens was obtained at intervals 
in the visible spectrum. Typical examples 
of “fingerprint” reflectance spectra are 
shown in figures 2 and 3. The curves are 
drawn in a slightly idealized manner after 
averaging a number of readings. After 
injection of supramaximal doses of me- 
lanophore hormone, curves were obtained 
by moving quickly from point to point 
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Fig. 2 “Fingerprint” reflectance spectra of the 


dorsi of hypophysectomized Hyla cinerea before 
and after a supramaximal dose of melanophore 
hormone. 
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Fig. 3 “Fingerprint” reflectance spectra of the 


dorsi of hypophysectomized Rana pipiens (be- 
tween fixed pigment spots) before and after a 
supramaximal dose of melanophore hormone. 


after the reflectance had reached its nadir. 
Although no great accuracy can be claimed 
for the post-injection curves, the general 
tendency towards a flattening at all wave- 
lengths can be observed. (It would be 
desirable to confirm this impression by fol- 


4In a previous publication (Teague and Patton, 
759), we have analyzed the reflectance response 
as log 1/R, or reflection density, read on the 
absorbance scale of the instrument. Although 
this transformation is feasible as a measure of a 
biologic response, it does not yield the additional 
information obtained by the methods of this 
report. 
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lowing the change in reflectance at various 
wavelengths after small doses or by in- 
stantaneous recordings at varying times 
after a large dose, but instrumental limita- 
tions have precluded such observations. ) 
Assuming that the flattening of the entire 
reflectance spectrum occurs at a constant 
rate, the fractional (or per cent) change 
in reflectance as a function of melano- 
phore hormone dose will be the same at 
any wavelength between 400 and 700 mu; 
actually, we have used the response at 550 
with Hyla and at about 660 with Rana to 
take technical advantage of the greater 
galvanometer scale deflection offered at 
these wavelengths. The flattening of the 
reflectance spectrum at all wavelengths is 
more pronounced in Hyla than in Rana. 

Transforming the reflectance of the un- 
injected hypophysectomized specimens to 
(1 — R)?/2R yields the curves of figure 4. 
The optical signatures are seen in figure 5, 
in which the log of this expression is plot- 
ted against the wavelength. 


II. The dose-response relationship 


A. The time-course of the response. 
Sufficient data were obtained on one 4.7 
gm specimen of Hyla for a complete anal- 
ysis (table 1). Five dilutions of Posterior 
Pituitary Solution were prepared in multi- 
ples of 2.5, the weakest solution having a 
concentration of 0.2 mU per dose of 0.1 
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Fig. 4 Plots of the K/S ratio or (1—R»)?/ 
2R» of the dorsi of uninjected, hypophysectom- 
ized Hyla and Rana against wavelength. 
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Fig. 5 Optical signatures of the dorsi of un 
injected, hypophysectomized Hyla and Rana. 


ml. Preliminary readings at one to two 

minute intervals were taken to establish 
a baseline, and readings were taken ati 
varying intervals after injection, to locates 
the nadir and to follow the response back 
to its baseline. Six responses at each dose 
level were studied. 

For plotting, all responses have been 
subtracted from unity to give (1—R) 
values which visually rise instead of fall 
Composites of the response at the & 


to a common baseline and slightly ideal-| 
ized, are presented in figure 6. It will beq 
observed that the response parametem 
chosen may be the peak of the curve, thed 
difference between the baseline and thex 
peak, the area under the curve, or thed 
duration of the response; all are function { 
of the dose, increasing monotonically from 
a minimum to a maximum value as thed 
dose is increased. The sigmoid relation+ 
ship of the duration of the response to logs 
dose is shown in figure 7. It might be noted 
in passing that response duration has been 
proposed as an assay parameter with re 
spect to frog web melanophores (Callo4| 
way, McCormack and Singh, *42); this 
study indicates the possibility of this ap) 
proach with respect to reflectance, but ai 


smaller error is found using other para+ 
meters. 


| 
| 
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TABLE 1 
Dose-response reflectance data in one Hyla cinerea 
ee ee ee eee ee 
Dose in mU, U.S.P. Post. Pit. 


8 eS SS SS a a ee ee ee 


0.2 0.5 7 1.25 3.125 7.8125 

Base Peak Base Peak Base Peak Base Peak Base Peak 
Reflectance readings as (1—R) 
0.641 0.689 0.631 0.750 0.642 0.884 0.703 0.920 0.650 0.925 
0.653 0.687 0.657 0.803 0.634 0.875 0.655 0.897 0.709 0.923 
0.715 0.733 0.680 0.812 0.676 0.872 0.673 0.918 0.673 0.927 
0.655 0.699 0.640 .0.810 0.689 0.896 0.678 0.914 0.643 0.924 
0.713 0.713 0.708 0.813 0.666 0.870 0.652 0.906 0.675 0.913 
0.664 0.691 0.675 0.832 0.659 0.903 0.619 0.906 0.733 0.930 
Area under response curve as R-min. 

On 6.3 9.7 BSB 13.5 

13 6.5 13.8 13.0 29.3 

0.5 PIT 11.8 18.8 28.8 

0.7 sr / 21.0 18.1 40.0 

1.0 6.8 9.5 21.8 paisa | 

1.5 5.0 Gary 30.3 26.5 


B. The peak response as 1—R. The 
mean baseline (1—R) was 0.6687 with 
a standard error of 0.0051 (30 cases). The 
readings at the peaks of the responses are 
given in table 1. Values recorded are 
the means of 4 individual observations 
around the peak. The response plotted 
against the natural dose is seen in figure 
8, and the sigmoid plot against log dose is 
shown in figure 9. It is evident from figure 
9 that an assay may be planned on the 

asis of responses at the first three dose 
evels. An analysis of the regression of the 
esponse expressed at AR is given in table 


Re) 


I-R 


REFLECTIVITY AS 


10) 50 


2; AR is the difference between the individ- 
ual baselines and the peaks. In addition, 
AR has been corrected for baseline read- 
ings by covariance. 

C. The area response. Each of the 
30 responses were plotted against time 
after injection, and smooth curves drawn 
by eye through the points; the areas under 
the curves were measured with a plani- 
meter and converted to the product unit, 
reflectance X minutes (R-min). The data 
are presented in table 1. The sigmoid re- 
lationship of this response parameter to 
log dose of melanophore hormone after a 
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Fig. 6 Composite plots of reflectance response against time in Hyla cinerea at 5 dose 


levels, in mU U.S.P. Posterior Pituitary. 


300 


200 


100 


DURATION OF RESPONSE — MIN. 


-.699 — 30! 


20 ROBERT S: TEAGUE AND JANE R. PATTON 
1 


-097 2495 893 


LOG DOSE MU USP POST. PIT. 


Fig. 7 Sigmoid plot of reflectance response duration in Hyla cinerea against log dose 
melanophore hormone. Bars indicate +1 standard error of the mean. The interrupted 
straight line is drawn to fit the equation, Y = 135.7 + 32.10X, describing the regression at 


the lower 4 dose levels. 
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Fig. 8 Plot of the peak reflectance response in Hyla cinerea against melanophore hor- 
mone dose. Bars indicate + 1 standard error of the mean. 


square root transformation is seen in fig- 
ure 10. As with the peak response, it is 
obvious that the latter can be used as an 
assay at the first three dose levels, but a 
detailed analysis will not be presented here. 
An assay on the basis of area would re- 
quire too much time and effort for the 
slightly increased information obtained as 
compared with a peak response assay. 
Results comparable with the data of 
section II were obtained with Rana pipiens. 


4 6 8 


III. Calculation of the relation to melano-+ 
phore hormone of the proportion of 
melanosomes in the external (op- 
tical) layer of the skin 


The preceding sections contain an 
empirical, practical treatment of the data, 
laying the foundation for a biological as- 
say of melanophore hormone. At. thisé 
point, by making certain assumptions, we: 
shall attempt to relate the dose of melano- 
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Fig. 9 Sigmoid plot of the peak reflectance response in Hyla cinerea against log dose 
of melanophore hormone. The curve approaches the mean baseline (Y = 0.6687) at the 
left and approaches a maximum at the right. A linear regression line fitting the equation, 
Y = 0.8428 + 0.1770X, would describe the response at the first three dose levels. 


TABLE 2 


Analysis of variance for peak response as AR at the first three dose levels. Analysis of covariance 
adjusted for baselines as R 


Source of variation df 
Linear regression, adjusted 1 
Quadratic term, adjusted 1 
Between doses, adjusted 2 
Within doses (adjusted error ) 14 
Total for covariance 16 

Reduction of error by covariance 1 
Within doses (unadjusted error ) 15 
Linear regression, unadjusted al 
Deviations from regression i 
Between doses, unadjusted 3) 
Total, unadjusted 17 


SS MS FE iy 
0.105209 0.105209 382.34 < 0.01 
0.000543 0.000543 on NS 
0.105752 0.052876 192.16 < 0.01 
0.003852 0.000275 
0.109604 
0.003127 0.003127 11.37 < 0.01 
0.006980 0.000465 
0.112714 0.112714 242.23 < 0.01 
0.000650 0.000650 1.40 NS 
0.113364 0.056682 121.82 < 0.01 
0.120344 \=0.070 Bartlett’s x27=0.45 


Corrected regression: Y = 0.200498 + 0.235298X Variance of slope = 0.0001448 


phore hormone to the underlying biological 
process of melanosome dispersion. 

Referring back to figures 2 and 3 and to 
section I, if we may assume that the frac- 
tional change in reflectance at every wave- 
length’ is equal, this equality may be ex- 
pressed by the equation, 

: a, SS ey 

Ri — Ro 

where R: is the reflectance before injec- 
tion, R: is the reading after injection, AR 
is their difference, R» is the reflectivity of 
the melanosomes, and k is a constant. R, 
is thus the theoretical minimum reflect- 
ance which would be reached at every 
wavelength, as f, is increased to 1. It can 


(3) 


be evaluated by solving equation 3 for 


AR: 
(4) 


A plot of AR as a function of Ri gives 
values for k and Ry. The slope of the re- 
sulting line will be equal to k and the R.- 
intercept (the value of R: when AR = 0) 
will be equal to R». The constants can be 
obtained with an accuracy which may be 
established statistically by treating equa- 
tion 4 as a model I regression (Snedecor, 
56) to which a least squares line may be 
fitted. The plots and equations are shown 
in figures 11 and 12, using data on figures 
2 and 3 respectively. For the Hyla cinerea, 
R, was found to be 0.057, giving a K/S 


AR = —kR, + KR. 
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Fig. 10 Sigmoid plot of the relation of the response, measured as area (in R-min.) 
under the reflectance curve, after square root transformation, to log dose in Hyla cinerea. 


ratio by equation 1 of 7.9. The R» for the 
specimen of Rana pipiens was 0.034, 
K/S = 14. 

It has been noted above that melano- 
somes are still visible in the uninjected, 
hypophysectomized frog dorsum. Conse- 
quently, the baseline reflectance (R:) must 
be larger than the non-black pigment re- 
flectivity (R.), and at the baseline, f, must 
be greater than zero. In order to evaluate 
R:, we have examined microscopically the 
dorsi of the frogs. From these observa- 
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BASELINE REFLECTANCE — R, 


Fig. 11 Plot of data of figure 2 to indicate the 
graphic method of evaluating Ry in Hyla cinerea. 
The line is fitted by least squares to the equation, 
AR= — 0.05321+ 0.9396 R,. The R,-intercept 
yields R, = 0.05663. The wavelengths at which 
two of the points were obtained are indicated. 
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Fig. 12 Plot of data of figure 3 (Rana pipiens) 
in the manner of figure 11. The equation of the: 
regression is: AR = — 0.0204+4 0.5958 Ri; Rp, =: 
0.0342. The wavelengths of two points are indi-- 
cated. 


tions and from a study of photomicro- 
graphs, such as those shown in figure 1, 
we have estimated in Hyla cinerea the 
proportion of melanosomes of the skin 
color mixture as 0.05 before injection. 
The proportion in Rana pipiens seemed 
more variable, and for this reason R, for’ 
Rana pipiens was not calculated. 
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Substituting 0.05 for f, in equation 2, we 
obtained at each wavelength observed: 
Ri = (0.05)R, + (1 — 0.05) Ra (5) 


whence the R, at each wavelength may be 
obtained. Furthermore, the K/S ratio of 
the non-black pigment may be then calcu- 
lated, using equation 1. Here, we will 
calculate Ra only at the wavelength used 
for assays. For Hyla cinerea at 550 mu, 
the mean baseline reflectance was 0.3313. 
Substituting in equation 5: 

0:3313 = (0.05) (0.057) +-(0.95)R., 


which yields an R,z of 0.35, K/S = 0.62. 

The proportion of melanosomes at each 
dose level is obtained from the following 
equation, derived by solving equation 2 for 
be: 


(6) 


=." (Gp) 


Since equation 7 is essentially a statistical 
coding procedure for the peak (1 —-R.) 
values of table 1, through algebraic sub- 
traction of a constant followed by division 
by a constant, the mean f, is immediately 
obtained by: 


= Ra— 2D Re/n 
aia Rae Fy Pe oa 
and the sum of squares for f,, by: 
Zdro? abs ZR? — (2Ro)?/n 
Sdn — : 
cae (R= Re)! Ce em 


where d’ indicates squared deviations from 
the mean. 

The calculations are summarized in 
table 3 and a plot of the relationship of 
f, to log dose melanophore hormone is 
shown in figure 13. 
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If the kinetics of melanophore hormone 
activity obeyed a mass action law in com- 
bining with specific receptors on melano- 
phores, as suggested by Rigler and Holz- 
bauer (’53), then one might expect a logit 
transformation of either R. or f, to be 
linear to log dose (Reed and Berkson, ’29). 
This is not the case, for after logit trans- 
formation a poor fit to a straight line was 
found. As a matter of fact, neither does 
the logit transformation of Rigler’s own 
data fit a straight line very well. The 
problem will be considered further in a 
subsequent publication. 


SUMMARY 


The dermal melanophore response to 
melanophore hormone in Hyla cinerea and 
Rana pipiens has been studied after hypo- 
physectomy by means of spectrophoto- 
metric directional reflectance. The reflect- 
ance spectrum of the dorsum in each was 
recorded and the reflectance response to 
U.S.P. Posterior Pituitary in Hyla cinerea 
was analyzed. From a consideration of 
the optical properties of the skin, the re- 
flectivities of the melanosomes and of the 
green pigment medium of Hyla cinerea at 
550 mu were estimated and the effect of 
the hormone on the proportion of melano- 
somes in the optical layer of the skin was 
determined. 
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TABLE 3 


Relation to dose of melanophore hormone of the mean calculated proportion (f») of 
melanosomes in the optical layer of Hyla skin 


fp = Standard 
Dose Mean > = rd 
post. pit. reflectivity Ra — Re Re ane RY error of fp 
mU Ro 
(0.345757=R,) (0) 0 
0 0.331300 0.014457 0.0500 
0.2 0.298000 0.047757 0.1652 0.0253 
0.5 0.196000 0.149090 0.5157 0.0393 
ey 0.116000 0.229090 0.7923 0.0192 
ei As) 0.089830 0.255924 0.8852 0.0123 
7.8125 0.076300 0.269424 0.9318 0.0082 
(0.056627 =R, ) 0.289130 1.0000 


(Ra— Ry = 0.289130). 
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Fig. 13 Sigmoid plot of the relation of the mean proportion (#2) of melanosomes in the 
optical layer of the dorsi of Hyla cinerea to the log dose of melanophore hormone. Bars in- 
dicate + 1 standard error of the mean. Arrows indicate maximum and minimum approached 


by fp. 
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An Effect of Heavy Water on the Phase and 
Period of the Circadian Rhythm in Euglena 


VICTOR G. BRUCE anp COLIN S. PITTENDRIGH 
Biology Department, Princeton University, 


Princeton, N. J. 


Euglena, like several other single celled 
microorganisms, has a temperature com- 
pensated circadian rhythm. The photo- 
tactic response of Euglena is controlled by 
this rhythmic system (Bruce and Pitten- 
drigh, 56, 58) and the cells characteris- 
tically respond to a light signal phototac- 
tically during the day time but less so, 
or not at all, during the night and a 
rhythmic alternation in the character of 
the phototactic responses will continue, 
with approximately a 24 hour period, in 
the absence of entraining light-dark or 
temperature cycles. As with other cir- 
cadian rhythms the period of this rhythm 
changes very little with temperature. Be- 
tween 20 and 33°C the period changes 
‘only from 24 hours to 23% hours. At 
16.7° the period lengthens to about 26 
hours but the phototactic responses de- 
crease and below this temperature no 
rhythm has been demonstrated. 

Essentially nothing is known about the 
physical-chemical nature of the mechan- 
ism of circadian rhythms and speculations 
about the mechanism have been handi- 
capped by the failure of investigators to 
find chemical effects which might provide 
clues for further investigation. The writers 
have done a number of experiments de- 
signed to look for phase-shifts or period 
changes of the Euglena circadian rhythm 
by modifications in the physical-chemical 
environment. This paper reports results 
of preliminary experiments which dem- 
onstrate that both phase-shifts and period 
| changes can be accomplished with deu- 
terium oxide. 

Before describing the heavy water ex- 
periments we would like to briefly review 
other experiments which we and other 
workers have done using drugs and chem- 


icals in an effort to learn more about the 
nature of circadian rhythms. 

Buhnemann (755) could find no effect 
on the period or phase of the sporulation 
rhythm in Oedogonium using NaCN; 2-4 
dinitrophenol; Na:HAsO.; NaF; quinine; 
CuSO.; cocaine; $-indoleacetic acid; ATP; 
and riboflavin. Likewise Ball and Dyke 
(56) using the inhibitors indole-3-acetic 
acid and 2-4 dichlorophenoxyacetic acid, 
found no phase shift or period change in 
the growth rate rhythm of the Avena cole- 
optile. Biinning (756) used the rhythm of 
leaf motion in Phaseolus to investigate the 
effects of 2-4 dinitrophenol, acridine 
orange, ether, chloroform, colchicine, and 
phenylurethane. Only with the last two 
inhibitors was there any suggestion of an 
effect on the rhythm and Binning inter- 
preted his results with the mitotic inhibi- 
tors colchicine and phenylurethane as indi- 
cating a slowing down of the clock. Other 
workers, Wilkins (759), Hastings (60), 
using other organisms, have not detected 
any lengthening of the period of circadian 
rhythms in the presence of these inhibi- 
tors. Hastings (60) has reported other 
recent attempts to shift the phase of the 
rhythm of luminescence in the dinoflagel- 
late Gonyaulax by short-time (12 hours) 
exposure to chemicals, drugs, and inhibi- 
tors of various types. Both Binning and 
Biihnemann have reported that pH changes 
are without effect on the rhythm. 

Speculations regarding possible localiza- 
tion of the clock within the single cell have 
centered on the nucleus. Circadian 
rhythms of cell division occur both in pro- 
tists and in metazoa (Sweeney and Hast- 
ings ’58) but there is little evidence to 
suggest that this is anything more than 
just another rhythmic activity of the cell 
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which is controlled by the clock. Bunning 
and Schoéne-Schneiderhéhn (757) have in- 
vestigated nuclear volume changes in non- 
dividing plant cells and have interpreted 
these speculatively in terms of structural 
changes within the nucleus. Ehret (’57) 
has investigated the phase-shifting of the 
rhythm in Paramecium using far-ultra- 
violet radiation. Although the effects are 
complicated by three superimposing effects 
there are indications that far-ultraviolet is 
a more efficient phase-shifting signal than 
visible light both with respect to intensity 
and duration of the signal. In Ehrets’ sys- 
tem there are indications that the phase- 
shifts are photoreversible and it would be 
desirable to have further information on 
this important result. There are also some 
interesting results regarding methods of 
synchronization of plant and mammalian 
cell divisions. Sachs, Bretz and Lang (59) 
have shown that cell division in the plants 
Samolus and Hyoscyamus may be syn- 
chronized by the time of application of 
gibberelic acid to a phase which is quite 
independent of the light cycle, and that 
these synchronized cells divide at approxi- 
mately 24-hour intervals. The temptation 
to view this result as having possible sig- 
nificance for the biological clock is based 
on the approximate 24-hour period be- 
tween cell divisions, a feature which it 
shares with mammalian tissue culture. 
The interest in the system lies however not 
only in the fact that the period is approxi- 
mately 24 hours but also in the demon- 
stration that it requires only a trigger to 
synchronize the cells and by the same 
token we consider it significant that a very 
brief (relative to the generation time) cold 
shock will synchronize cell division in 
mammalian tissue culture (Newton and 
Wildy, ’59). 

The writers have looked for effects on 
the period or phase of the rhythm of photo- 
taxis in Euglena using a number of inhibi- 
tors and chemicals. We have failed to find 
any effects using the respiratory inhibitor 
KCN or the mitotic inhibitor phenylure- 
thane. We have looked for effects using 
the adenine growth factor analogue 2-6- 
diamino-purine sulfate, the pyrimidine and 
nucleic acid analogue 2-amino-4-methyl- 
pyrimidine as well as the purines and 
pyrimidines adenine, guanine, thymine, 


cytosine, and uracil and the compoundss 
adenosine and deoxyadenosine. In addi-_ 
tion we have looked for effects using theg 


a 


growth factors gibberelic acid and kinetin. 
We have changed the pH of the mediu 
between the limits 3.5 and 7.1 and haves 
found no consistent effect. Experimentss 
in which we have attempted to shift phase¥ 
with ultra-violet light have been negatives 
but inconclusive because of difficulties en-} 
countered with our particular assay tech-} 
nique. We have grown cells in a numbery 
of different media and if the cells show an 
rhythm at all it is always with a periodi 
close to 24 hours. 


MATERIALS AND METHODS 
Euglena gracilis (z strain) was grown 
in the unsupplemented simple medium de- 
scribed by Hutner, Bach and Ross (’56, 
table III). Most of the cultures were# 
grown in screw cap vials at 22°C with aa 
light cycle of 12 hours of light (approxi- 
mately 10,000 lux of fluorescent plus in-4 
candescent) and 12 hours of dark. Ordi-: 
nary water cultures were generally grown 
for two or three weeks before testing thes 
rhythm of phototactic response. Attemptss 
to grow fully deuterated cultures have so 
far not been successful but several pre- 
sumably partially deuterated cultures have 
been grown. We have attempted to adapt} 
Euglena to successively higher concentra-4 
tions of heavy water as suggested by Katzz 
et al. (58). Cultures adapt readily to 20% | 
D.O in three or 4 weeks and when trans-4 
ferred to about 45% deuterium for another 
month they had grown sufficiently to be: 
tested for phototactic response. Attempts: 
to adapt to higher D:O concentrations 
under these growth conditions have result-4 
ed in some growth but not yet sufficient} 
for measurements to be made of the photo-4 
tactic rhythm. The fact that higher con-4 
centrations of D.O are not toxic is demon-4 
strated by observations which we have? 
made which indicate motility and viability 4 
(but very slow growth) in a culture left} 
for two months in media with an initial | 
D:O concentration of 75% and in another? 
left for 6 months in media with an initial | 
D:O concentration of 84%. There is of} 
course some exchange of hydrogen for} 
deuterium from the atmosphere in these: 
conditions and in the long time intervals}| 


nvolved here this will have resulted in 
ome dilution of the deuterium content. 
The exchange of hydrogen for deuterium 
rom the atmosphere was probably rela- 
ively more important in the change of the 
sotopic composition of the growth media 
lof two cultures which were grown for two 
imonths in small carrell flasks in media of 
n initial composition of 95% D.O. 

When cultures are tested for the rhythm 
f phototactic response they are trans- 
erred to small carrell flasks and placed 
in the recording appparatus. A general 
escription of the method of recording has 
een previously described (Bruce and Pit- 
endrigh, 56) but the actual equipment 
as been redesigned and will be described 
in a later publication. 


RESULTS 


Unpublished experiments by the writers 
ave demonstrated that the phase of the 
hototactic rhythm in Euglena is not 
jchanged if the cells are centrifuged and 
esuspended in new media of the same 
r different composition. We have also 
hown that the phase of the rhythms of 
wo cultures which have been previously 
stablished so that they are 12 hours dif- 
erent from one another are not changed 
if the cells are centrifuged and resus- 
pended in the supernatant of “in-phase” or 
“out-of-phase” cultures. There thus seems 
to be no direct effect of the interaction of 
he cell with its fluid environment on the 
hythm of the cell. The adjustment of the 
ell to osmotic shocks, pH changes, etc. is 
apparently accomplished without any gross 
ffect on its rhythm. These observations 
are pertinent to a consideration of the ef- 
ects on the rhythm of replacing the media 
of H.O-grown cells with D:O media. 

If H.O-grown Euglena are put in D,O- 
inimal media they immediately become 
on-motile and no phototactic response is 
observed at least for two or three days. 
This inactivity is reversible by transfer 
back to H:O minimal media and it is thus 
ossible to investigate the phase relation- 
ship of the phototactic rhythm of the cells 
before and after exposure of the cells to 
D.O. Three experiments of this type have 
been done and the result of one such ex- 
periment is illustrated in the left-hand side 
of figure 1. Clearly, the phase of the result- 
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ant rhythm is shifted. The phase of the 
shifted rhythm seems to be correlated with 
the time of transfer of the culture from 
D:O back to H2O and this aspect is illus- 
trated in the right-hand part of the figure. 
The circled points indicate the time of 
minimum phototactic response and the 
dashed arrows indicate the time during 
which the cells are in D.O. The upper part 
of the figure includes two replicates one of 
which is illustrated at the left. The details 
of this type of phase-shifting have not been 
worked out and this is an aspect of the 
investigation which requires further study. 
The phase of control cultures (suspended 
in H.O instead of D:O) is not shifted in 
this type of experiment. 

We have done several experiments in 
which the free-running-period of the 
rhythm of cells which have been adapted 
to D.O by long term growth has been meas- 
ured. Figure 2 illustrates the results of 
4 experiments of this type and it is evi- 
dent that the period length is increased by 
adapting to D.O. The results indicated with 
curves A and B were obtained with two 
cultures which had grown for over two 
months in small carrell flasks in media 
with an initial D,O concentration of 95% 
and curve C is a second run (two months 
later) of the culture represented by curve 
B. The culture represented by curve D 
was grown for one month in a screw cap 
vial in media of an initial D.O content of 
45% after the culture was initially adapted 
for three weeks in 20% D.0. We have not 
observed any lengthening of the period of 
cultures adapted to 20% deuterium. 

Cultures adapted to D.O must be re- 
adapted to H:0O as Katz et al. (58) have 
shown to be generally the case with algae 
which have been adapted to heavy water. 
The period of the rhythms of two cultures 
which we have adapted by growth from 
D:O back to H:O is in both cases close to 
24 hours. 

DISCUSSION 

There have been quite a few recent stud- 
ies concerning biological effects of deuter- 
ium oxide and a number of investigators, 
especially Katz and co-workers (’60) have 
shown that a considerable number of mi- 
croorganisms may be successfully cultured 
in high concentrations of heavy water. It 
has in fact been demonstrated that in some 
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of these organisms the hydrogen may be 
essentially completely replaced with deu- 
terium. Such completely deuterated cells 
are generally quite normal although there 
may be morphological differences and the 
growth rates are generally smaller. It has 
also been demonstrated that cells which 
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Fig. 1 The phototactic response of a culture i i 
d grown in H2O is measured at two- i - 
vals automatically by the methods described b : STORE 


was centrifuged and resuspended in media o 
tion of 99.6% D2O in place of H»O. Recordin 
by the arrow B, the culture was centrifuged 


part of the figure summarizes the results of this, and thre imi i 

E 1 i e other similar experiments. 
circled points correspond to the time of minimum phototactic response and iheh dashed plate 
indicate the time during which the cells remain in the heavy water medium. The figures are 
arranged so that the time of final transfer from D20 to H2O coincides in the separate 


experiments. 


are in the process of adapting to deuterium 
(or deuterated cells which are in the proc: 
ess of adapting to hydrogen) may show 
evidence of gross abnormality. These dele 
terious effects of isotopic substitution are 
however not toxicity effects and they are 
generally completely reversible. 
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Fig. 2 The figure illustrates the lengthening of the period length of the circadian rhythm 
in Euglena cultures which have been adapted to heavy water. The left-hand part of the 
figure illustrates the record of the phototactic responses of a culture adapted to D.O. The 
first 6 days following the establishment of a rhythm by a light cycle have been illustrated 
and one can see how the time of the minimum response shifts to a progressively later time 
of day and also that the rhythm rather quickly damps out. In the right hand part of the 
figure the summary results of this, and of other similar experiments are illustrated. The 
circled points correspond to times of minimum phototactic response on successive days. 
The open circles are cultures which have been adapted to D.O whereas the filled circles 
correspond to control cultures grown in H20. Cultures A and B (B summarizes the results 
of the left-hand part of the figure) were grown separately and culture C is the same as B 
but tested about two months later. These are the cultures described in the text which were 
grown in carrell flasks for two months in media with an initial D,O concentration of 95%. 
Culture D was adapted to grow in 45% D.O. All experiments were carried out at 23°C. The 
period of the controls is between 23/2 and 23%4 hours whereas the period of the adapted 
cultures ranges from 2612 to almost 28 hours. 
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Our own experiments may be discussed 
in relation to two different biological ef- 
fects of heavy water. One is the immediate 
effect of replacing H.O with D.O. This, we 
have seen, does have some effect on the 
rhythm in Euglena whereas experiments 
by ourselves and others using quite a num- 
ber of so-called toxic agents have failed to 
disclose any effects of these toxic agents 
on circadian rhythms. It is interesting in 
this connection to compare the observa- 
tions of Gross and Spindel (’60) on mitotic 
arrest in Arbacia eggs suspended in D.O. 
This effect, which is completely reversible, 
occurs at a stage when even the most dras- 
tic metabolic poisons have no effect in 
inhibiting mitosis. The Euglena experi- 
ments do not allow us to conclude that the 
rhythm is completely stopped when the 
cells are transferred from H.O to D.O, and 
then re-initiated when the cells are trans- 
ferred back to H.O. It may be that the 
phototactic responses are inhibited while 
the rhythm continues. Although there is 
some suggestion from figure 1 that the 
final phase of the rhythm is determined by 
the time of the final transfer to H.O, there 
is also some suggestion that the old 
rhythm continues to exert its influence for 
the first day after the final transfer to or- 
dinary water. Our exeriments are not suf- 
ficiently extensive to justify much specula- 
tion on this point but it is worth while to 
compare these results with those which 
are obtained in ordinary water when a 
rhythm is lost in continuous light and then 
re-initiated by transfer to the dark. In both 
cases a new rhythm is established but the 
phase relationship, relative to the transfer 
which initiated (or re-sets) the rhythm, 
is roughly 10 or 12 hours different in the 
two cases. It would be interesting to per- 
form a reciprocal type of experiment in 
which a deuterated organism is transferred 
for a short time to ordinary water and then 
returned to heavy water, but we hope to 
culture completely deuterated cultures be- 
fore trying this type of experiment. In 
speculating on the mechanism whereby the 
phase of the circadian rhythm is shifted by 
short-time exposure to D:O one should in- 
clude the possibility that it is mediated at 
the macromolecular level. Calvin, Her- 
mans, and Scheraga (’59) have shown that 
under appropriate conditions some macro- 


molecules may undergo a reversible phases 
transition from the helical to the ra 
domly coiled form and that the transitior 
temperature of this change may be signifij 
cantly altered in D:O as compared with 
HO. 

The actual process of the adaptation of 
a microorganism to heavy water is no 
well understood and the partially deuter: 
ated organism is a more complex one tha 
the completely deuterated one. We have 
not adapted a fully grown H:O culture ta 
D.O without many generations of growth} 
and we do not know whether this would 
be possible. There is some evidence from 
other organisms that deuterium has aj 
mutagenic effect and in the absence of anyj 
demonstration that there is no such effect 
in Euglena we must allow of the possibilityy 
that the lengthened period of the rhyth 
of the adapted Euglena cultures is a gene+ 
tic effect. However this is rather unlikel 
to be the explanation since the period 
lengthening of independently derived cul- 
tures is always about the same and since¥ 
partially deuterated cultures re-adaptedi 
back to ordinary water again have a typicall 
circadian period. Although there are nog 
visible evidences of adaptation (motility, 
phototaxis, growth) during the first few 
days after transfer to heavy water it mayj 
be that in some sense the cells do adapta 
rather quickly and it might be of interest top 
follow other activities of cells which are in) 
the process of adaptation. Our experi- 
ments have been with adapted culturess 
which have been too dilute to allow us to; 
measure the extent to which deuterium) 
was incorporated into the cells, therefore 
our evidence that they are partially deuter- 
ated is inferential and is based in part on! 
the fact that a fairly long period of adapta- - 
tion is required in adapting D.O grown) 
cells to HO. 

There are of course a multitude of dif-- 
ferences between the physical chemistry’ 
of ordinary water and deuterium oxide and | 
we only wish to make two comments here } 
regarding the possible relevance of these | 
differences for the present problem. One» 
possible cause of different biological re- 
sponse in heavy water and in ordinary 
water arises from the different physical 
properties of the two. One might expect 
that cells in heavy water at a given tem- 


rature should perhaps behave like cells 
ordinary water at a lower temperature. 
The period lengthening and rapid damping 

f the rhythm of adapted cultures is in 
ome respects similar to the behavior of the 
hythm in ordinary water at low tempera- 
ures and it would be useful to have more 
ormation on the effect of temperature 
mn the period length in deuterated Eu- 
lena. It would also be especially useful to 
ave information on the effect of deuter- 
tion on the period length of the rhythms 
f organisms in which the period length is 
ecreased with a lowering of the tempera- 
re. The electrical conductivity of most 
alts is lowered in D.O, and there are cer- 
ainly electrochemical changes (pH or pD) 
ising from isotopic substitution. Experi- 

ents by ourselves and others, cited in the 
introduction, suggest however that sudden 
Ht changes are without effect on the 

hase or period of the rhythm, although 

in our own experiments we have not di- 
ectly followed the intracellular changes in 
H. 

The observations reported here are of a 
reliminary nature and further experi- 
ents are required to determine the prob- 
able mode of action of heavy water both in 
hifting the phase of the rhythm and in 
engthening the period of the rhythm. 
uch has been learned in recent years 
bout the biological effects of deuterium 
xide and chemical studies of primary and 
econdary deuterium isotope effects are 
eing actively studied. There are un- 
oubtedly many complications in the in- 
erpretation of the biological effects of 
eavy water but we are reporting the pres- 
nt observations because they provide 
some encouragement for a sustained inter- 
st in searching for physical-chemical 
clues to the nature of the biological mech- 
anism underlying circadian rhythms. 
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Electrophysiological Studies of a Non-Luminescent 
Form of the Dinoflagellate Noctiluca miliaris 


JOSEPH J. CHANG! 


Laboratory of Neurophysiology, National Institutes of Health, 


Bethesda, Maryland 


Can a protozoa produce action potentials 
of the all-or-none type when stimulated 
electrically? Is the boundary membrane 
between the vacuolar sap and the proto- 
plasm capable of developing electrical re- 
sponses? The experimental results of the 
present study indicate that an affirmative 
answer to one or both of the above ques- 
tions seems inevitable. 

Spontaneously recurring hyperpolarizing 
responses in a protozoa, Noctiluca, have 
been reported previously by Hisada (57). 
The main part of his work is concerned 
with measurements of the resting potential 
in this protozoa with relatively large micro- 
electrodes. The present investigations made 
on Noctiluca available in this country, 
show some discrepancies from the previous 
work done on the Japanese species. It was 
possible, in the present study to demon- 
strate with the aid of recent techniques, all- 
or-none action potentials in this protozoa 
in response to stimulation. Furthermore, 
investigations were made of impedance 
changes during activity, and of the influ- 
ence of various agents in the external me- 
dium upon the action potential as well as 
of the voltage-current characteristics of the 
active and resting membranes of the cell. 
Noctiluca miliaris is a planktonic dinoflag- 
ellate which is well known for its lumines- 
cence. Studies on the luminous aspects of 
excitability in this organism have recently 
been made by Nicol (758) and previously 
been reviewed by Harvey (52). Its large 
size (0.2—1.5 mm in diameter ) and its rela- 
tive non-motility coupled with the recent 
success in mass-culturing it in the labora- 
tory by Hastings and Sweeney (757) make 
this organism one of the most easily han- 
dled protozoa for electrophysiological stud- 
ies. The experience gained and the tech- 
niques developed through this work may 
very well serve as a good vantage point for 
such studies on other protozoa and small 
isolated single cells. 


MATERIAL AND METHODS 


Noctiluca miliaris, Suriray, kindly sup- 
plied to us by Dr. B. M. Sweeney of the 
Scripps Institution of Oceanography, La 
Jolla, California was used throughout this 
study. These specimens were collected 
from the Pacific Ocean, cultured in a me- 
dium of Erdschreiber-sea water containing 
Dunaliella as food organism in the labora- 
tory of Dr. Sweeney until they were flown 
to Woods Hole. They kept well at a temper- 
ature of 10°C in a similar culture medium 
diluted by sea water. A number of protozoa 
were removed as they were needed, and the 
experiments were carried out at room tem- 
perature of 23—26°C and, unless otherwise 
stated, in sea water. Only those organisms 
fully distended and showing active move- 
ments of their muscular tentacles were 
used in these experiments. Parenthetically, 
this particular strain of Noctiluca were not 
luminescent. We were told that this was 
true even when they were freshly collected. 

During the impalement by microelec- 
trodes and the subsequent experimenta- 
tion, the cell was held by a hydrostatic 
pressure in a specially designed chamber 
(fig. 1A). This chamber consisted of up- 
per and lower pools of fluid, usually sea 
water, and had a connection through a 
small vertical cylindrical hole, 40 to 165 u 
in diameter, in the glass plate forming the 
bottom of the upper pool. A cell could 
easily and securely be held on this hole by 
applying a hydrostatic pressure which 
could be readily changed by adjusting the 
fluid levels of the pools. Normally, 1 to 5 
mm of fluid level difference was sufficient. 
Depending on the experiment, the size of 
the hole was changed by replacing the 
whole glass plate with one that had a 
proper sized hole. Two microelectrodes, 
having tip diameters of less than 0.5 u and 
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Fig. 1 


Schematic representation of experimental setups. A, Arrangement used for record- 


ing electrical responses. The Noctiluca cell, N, under investigation was held on the hole in the 
replaceable bottom plate, B, by hydrostatic pressure caused by the difference in the water 
level between the upper pool, U, and the lower pool, P. The recording microelectrode, R, 
and the stimulating microelectrode, S, were inserted in the cell by means of micromanipu- 
lators. A large reference electrode, E, was connected to ground through 2 K® resistor across 
which the intensities of applied current were measured. 

B, a.c. Wheatstone bridge used for detecting impedance changes during activity. The 
unknown arm of the bridge consisted of two large electrodes, E; and Eb», the cell, N, and 
the cylindrical hole having a diameter of 100 to 160 u. E; and Es were of the Ag—AgCl (agar) 


type. 


filled with 3 M KCl, were inserted into the 
cell with the aid of micromanipulators 
under direct visual control through a dis- 
secting microscope. 

The potential between the cell interior 
and the surrounding fluid was measured by 
connecting one of the impaling microelec- 
trodes to a unity gain amplifier with a neg- 
ative capacitative feedback (Bak, ’58). 
Using a provision in this amplifier and test 
pulses supplied by a pulse generator (Tek- 
tronix, type 161), the resistance of the 
microelectrode was repeatedly measured 
at various frequencies. This resistance 
monitoring was carried out throughout the 
experiment for each sweep of the oscillo- 


scope; during the critical period involving 
the impailment process the frequency was 
stepped up. The constant current pulse, 
mostly for the purpose of stimulation, was 
supplied by another pulse generator (Tek- 
tronix, type 161) through a 20 to 60 meg- 
ohm series resistor and the second micro- 
electrode. This current was measured with 
a low-level amplifier (Tektronix, type 122) 
as a voltage drop across a low value (2kQ) 
resistor in the ground return from the 
large Ag-AgCl-agar electrode in the exter- 
nal fluid. A double beam oscillograph (Du- 
mont, type 322-A) displayed the potential 
and current variations simultaneously, and 
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a Grass camera (model S4C) was employed 
for recording. 

The impedance change was measured 
across the whole cell arrested on a rela- 
tively large hole (100 u or larger in diam- 
eter) separating the two pools. Figure 1B 
shows an A.C. bridge in which one arm 
consists of the cell, the hole and two large 
electrodes in the surrounding pools in se- 
ries. The two fixed resistive arms had a 
ratio of 1 to 100 (2 Q and 200 Q) and the 
fourth arm was made up of a variable re- 
sistor and a variable capacitor connected 
in parallel. Sinusoidal waves at the fre- 
quency of 2,000 cycles per second from an 
oscillator (General Radio Beat-Frequency 
Oscillator, type 1304A) were applied to the 
generator terminals through a symmetrical 
attenuation network, while the detection 
was made by one beam of the oscillo- 
scope after an amplification through a Tek- 
tronix low-level amplifier (type 122). The 
current and potential microelectrodes were 
inserted into the cell as usual, and the po- 
tential variation was recorded concurrently 
with the impedance change through the 
remaining channel of the oscilloscope. 


RESULTS 


Resting potential 


When both potential and current elec- 
trodes were confined in an intracellular 
space surrounded by a closed surface with 
a relatively high electric resistance, the 
current pulses applied through the current 
electrode should give rise to potential 
variations in the potential electrode, repre- 
senting the IR drops across the surrounding 
resistance. Thus a successful impalement 
of a Noctiluca cell is signaled by the ap- 
pearance of pulses on the potential trace of 
the oscilloscope without being accom- 
panied by changes in the monitored resist- 
ance of the potential electrode before and 
after the penetration. 

_After each successful impalement of the 
cell by microelectrodes, careful observa- 
tions were made throughout this study of 
the D.C. potential between the intracellular 
space occupied by both electrodes and the 
extracellular environment. In more than 
200 successful impalements no significant 
resting potential was ever observed either 
on the D.C. coupled oscilloscope or on the 


electronic D.C. micro-voltmeter concur- 
rently used with the oscilloscope. In many 
cases both electrodes were found to be 
clearly in the sap vacuole immediately 
after the impalement, and no D.C. poten- 
tial existed. This latter case was also ob- 
served by Hisada. In time, the proto- 
plasmic streams encircle the electrode tip, 
eventually forming a vacuole around the 
whole intracellular part of the electrode, 
and effectively and electrically speaking, 
push the electrode out of the cell. During 
any of these processes associated with the 
protoplasmic streaming, the D.C. potential 
remained constant almost indefinitely, 
even when the potential electrode was 
being “pushed out” by the aforementioned 
vacuole formation. 

D.C. potential shifts, however, were ob- 
served whenever (especially during the 
course of impalement) there was a change 
in the microelectrode resistance which was 
measured by supplying a test pulse every 
one or two seconds. At times, though in- 
frequently, there were random drifts of the 
whole system either to the positive or nega- 
tive direction. These D.C. shifts could not 
be considered to be related to the existence 
of the resting potential, since when the 
electrode was very slowly moved from the 
cell to the external fluid, the shifted poten- 
tial remained steady throughout the re- 
moval. Of course, if this removal process 
was accompanied by a change in the elec- 
trode resistance, potential shift may occur 
again. 

Electric responses 


When a sufficient current is passed 
across the cell surface in an inward direc- 
tion (i.e., from the external fluid to the 
current electrode within), an electrical re- 
sponse can be elicited in Noctiluca. The 
potential variation in this electrical re- 
sponse has a polarity opposite to the nor- 
mally observed electrical responses of most 
other cells, i.e., if Noctiluca were to have 
a normal resting potential like other cells, 
it responds with a spike towards the “hyper- 
polarizing” direction to a “hyperpolarizing” 
stimulating pulse. This response is “all-or- 
none” in character. It has a definite thres- 
hold for regenerative process and is pre- 
ceded by a slowly rising subthreshold 
response which may subside or explode 
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Fig. 2 Superposed records of electric responses of Noctiluca to rectangular current pulses 
of various intensities. A downward deflection of the potential (lower) trace represents a 
fall of the potential of the sap relative to that of the surrounding sea water. A downward 
deflection of the current (upper) trace indicates an inward flow of current through the 
layer of protoplasm. In the left-hand record the base-line of the potential trace is above 
the edge of the photograph. Note the gradual shortening in the latency with increasing 
pulse intensity. The resistance measurements of the potential electrode appear at the 
beginning of the potential traces in the right-hand record. 


into a full response depending on the stim- 
ulus intensity. As can be seen in figure 
2 which contains responses to just below, 
at and above threshold intensities of stimu- 
lus, the spike reaches to 55 mv from its 
point of inflection and on its return, it 
shoots past the steady state level giving a 
total deflection of about 72 mv. Judging 
from the direction and the magnitude of 
the potential variation, the responses 
which Hisada (’57) observed must have 
been of a similar kind although the slow 
sweep speed in his published material 
makes it almost impossible to determine 
the exact shape of the spike. 

Such an “inside-negative” response could 
be demonstrated repeatedly with a remark- 
able reproducibility when identical stimu- 
lating pulses were given at favorable fre- 
quencies. Short pulses of the order of one 
msec. could elicit only single responses, 
whereas long pulses (from 10 to 50 msec. ) 
might induce repetitive firing of up to sev- 


—— 20 msec 


Fig. 3 Repetitive response of Noctiluca to a 
long pulse of constant current. Note the progres- 
sive decrease in the spike-amplitude and the pro- 
longation in the spike-duration. 


eral spikes when the specimen is healthy: 
and has not previously been stimulated too} 
many times. A typical record of such re- 
petitive multiple responses to a single stim- 
ulus is shown in figure 3. The number of 
repetitive spikes triggered by a long single 
pulse gradually decreased as the specimen 
was being repeatedly stimulated, in the 
course of which the number of the spikes 
declined to one. Once thus the response 
was reduced to one per stimulus the re- 
petitive firing might be recovered by giving 
the cell a rest period of about one minute. 

The time course of the response varied 
considerably depending on the experimen- 
tal condition and the state of individual 
cells. Immediately after a successful im- 
palement of a healthy cell, the spike dura- 
tion was at its shortest, i.e., about 6.3 msec. 
excluding the overshoot. Repeated stimu- 
lation caused a gradual prolongation of the 
duration of successive responses, and the 
rate of prolongation became greater as the 
rate of repetition was increased. Repetitive 
stimulation is known to cause a prolonga- 
tion of electric response duration in am- 
phibian single nerve fibers (Spyropoulos, 
56). Once prolonged, no complete rever- 
sal was observed in Noctiluca, although an 
extended rest period might shorten the 
duration of the spike to a small degree. A 
shortening of prolonged response period 
could also be brought about by a relatively 
fast rate of repetition of sawn e.g., faster 
than 0.5 per second, if either the previous 
stimulation rate was slower than this or a 


est period had preceded it. But such a 
hortening was only temporary and even- 
tually, repeated stimuli, fast or slow in 
ate, would cause a further prolongation of 
he spike width. 

Visual observations through a microscope 
evealed that on many occasions the move- 
ent of the muscular tentacle of Noctiluca 
mediately followed a stimulus and its 
nsuing electrical response. However, an 
lectrical response was never observed to 
ecur in correlation with a spontaneous 
entacular movement. 

Passage of current pulses in the outward 
irection did not bring about any electrical 
esponse while the current was passing. 

d in most cases, the termination of such 
pulse also elicited no response, while in 
are cases “break response” occurred after 
n outward current pulse. 


Refractory period 


By varying the interval between the two 
hort stimulating pulses it was possible to 
easure the refractory period of the elec- 
rical response. When the pulse duration 
f 1 to 3 msec. was used, the shortest in- 
erval between the pulses that produced 
Wo responses ranged between 51 and 
5 msec. 


Effect of substitution of K, choline 
or sucrose for Na in the 
external medium 


The sea water which normally surrounds 
he cell under study was replaced with 
arious solutions consisting of different 
roportions of isotonic potassium chloride 
nd normal sea water in order to lower the 
odium concentrations at different levels. 
eplacement of all sodium but 10% of 
ormal concentration in sea water showed 
o effect on the amplitude of the spike for 
s long as one hour. Sometimes the re- 
ponse disappeared under such conditions, 
ut invariably the cell was then found to 
e dead or nearly dead judging from the 
softness of the cell body, crumpling of the 
protoplasmic substance or the failure to re- 
cover when the cell was returned to the 
normal sea water. Total replacement of 
sodium by potassium always resulted in a 
rapid and complete reduction of response 
amplitude followed by a cell death. 
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Artificial choline sea water or sucrose 
sea water containing no sodium was also 
employed to replace the normal sea water 
surrounding the cell in lowering the so- 
dium concentration to various degrees. 
These experiments also showed full sized 
responses throughout the whole hour dur- 
ing which the cells were subjected to solu- 
tions with only 10% of its normal sodium. 
When no sodium was present in the ex- 
ternal fluid, cells rapidly deteriorated to 
the point of death even though all other 
ions were available in these artificial sea 
water solutions. 


Effect of chemicals 


Cocaine, urethane, tetraethylammonium 
chloride (TEA) and nickel chloride dis- 
solved in sea water were studied for their 
respective effects on the evoked response. 
Replacement of the normal sea water sur- 
rounding a normally responsive impaled 
cell with 5, 1 and 0.2% cocaine solutions 
resulted in a progressive and marked pro- 
longation of the spike duration and even- 
tually in a complete loss of the response. 
All this took place within one to two min- 
utes from the time of solution change. 
0.05% cocaine-sea water produced a simi- 
lar type of widening of the spike but at a 
slower rate, while 0.005% solution pro- 
duced a gradual prologation which began 
at about 2.5 min. of treatment and reached 
the maximum duration at about 8 min. 
Once it had reached this point, the re- 
sponse remained constant until the envi- 
ronment was changed to the normal sea 
water at about 20 min. A recovery at this 
time shortened the spike to as much as 
one-third of the maximum duration in 20 
min. of washing with normal sea water. 

Solutions having concentrations higher 
than 50% isotonic TEA in sea water killed 
the cells within a short time. A 20% iso- 
tonic TEA solution in sea water, however, 
produced a prolongation of the spike dura- 
tion without much change in the amplitude 
of response for 16 min., after which it 
started to decline and reached the state of 
no response at 30 min. A mixture of one 
part of isotonic TEA and nine parts of nor- 
mal sea water prolonged the spike to about 
34 msec., but did not diminish the ampli- 
tude within 50 min. Washing with normal 
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sea water rapidly shortened the prolonged 
response duration. 

A 3% urethane solution in sea water 
produced some prologation of the response 
duration but no decrease in the amplitude 
until the response suddenly disappeared at 
about 15 min. Cells examined at this time 
were found to be at the point of death. 
Higher concentrations of urethane pro- 
duced cell deaths very promptly. Nickel 
ion which produces a marked prolongation 
of spike duration of vertebrate single fibers 
(Spyropoulos and Brady, 59) did not show 
any obvious effect on the Noctiluca re- 
sponse when introduced in the form of 10~? 
N solution of nickel chloride in sea water. 


Current voltage relations and 
the membrane resistance 


A series of experiments was carried out 
to relate the intensity of the applied con- 
stant current and the resultant potential 
changes recorded across the cell mem- 
brane. Figure 4 shows a typical current- 
voltage relation obtained in this series. 
There is a clearly linear correlation be- 
tween the current and the voltage as the 
former is gradually increased from zero in 
either direction. As the current reaches a 
certain threshold value in the inward di- 


-400mV -300 


rection there is a sudden increase in the 
peak value of the voltage; thereafter, the 
peak value of the voltage again increases 
in a linear fashion but at a decreased rate. 
The discontinuity in the current-voltage 
relation then represents the transition from 
an inactive state to an active one and the 
second straight line the increased con- 
ductivity in the active state. Plotting the 
values of steady state voltage level (instead 
of the peak voltage) against the current 
values also demonstrates a clear cut in- 
crease in conductivity in the active phase 
(broken heavy line in figure 4). This in- 
crease closely parallels the aforementioned 
change observed in the plotting of the peak 
values. The membrane resistance calcu- 
lated from the slopes of such current-volt- 
age plottings ranged from 1.1 to 1.8 X 10° 
ohm:cm? with an average of 1.4 X 10° 
ohm:cm?’ for the resting state. But at the 
peak of the active state it ranged from 0.58 
to 0.72 X 10° ohm-cm?’ with an average of 
0.65 X 10° ohm:cm’. Apparently the con- 
ductivity of the cell membrane is increased 
by a factor of about 2 when the mem- 
brane is pushed to an active state. The 
effective e.m.f. of the active state, obtained 
by extrapolating the current-voltage curve 
in the active state to zero current, is 


<= inward 


-0.4 


Fig. 4 Relation between the intensity of applied current (ordinate) and the shift in the 
intracellular potential (abscissa) caused by the current. The two values in the range of 
current stronger than the threshold value represent the potentials at the peak of activity 
(dots) and the potential levels in the subsequent steady state (crosses). E, indicates the 


effective e.m.f. at the peak of activity. 
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shown as E, in figure 4 and ranged from 
115 to 137 mv with an average of 125 mv. 
There was no sudden break or non-linear 
change in the rate of voltage increase as 
the current was increased in the outward 
direction. a 


Membrane capacitance 


Since the input time constant of the 
unity gain amplifier through an electrode 
resistance of 20 megohms can be adjusted 
to be less than 10 usec., the slow potential 
variation caused by a rectangular current 
pulse can be attributed to a “capacitance” 
connected in parallel to the membrane re- 
sistance. The membrane capacitance, cal- 
culated from the oscillograph tracings and 
the membrane resistance previously cal- 
culated, showed the spread of 0.42 to 2.3 
uF /cm’ with a mean of 1.3 uF/cm’. The 
above values were for the application of 
inward current. The time constant of the 
cell membrane for the outward current 
was the same, whereas that for the termi- 
nation of the current pulse was measured 
to be slightly longer. 


Impedance change 


The current-voltage relationship meas- 
urements demonstrated a pronounced 
change in the impedance between the 
resting and the active states. Even though 
such static measurements establish the 
existence and the absolute magnitudes of 


the change, these do not yield the dynamic 
time course of the impedance variation in 
relation to the potential change during 
activity. Using a sensitive A.C. bridge cir- 
cuit across the cell which separated the 
upper and the lower pools of the chamber, 
simultaneous recordings of the potential 
change and the bridge unbalance during 
activity was successfully attained. Fig- 
ures thus obtained (fig. 5) show a direct 
correlation between the time courses of 
the action potential and of the bridge 
balance. The bridge unbalance begins to 
increase at the moment when the action 
potential is initiated and both the potential 
and the unbalance reach their peaks at 
about the same time. Apparently both also 
have very similar time courses during 
their recovery paths. The bridge unbal- 
ance observed here was ascertained to be 
toward the decreased impedance, i.e., in- 
creased conductance, by previously unbal- 
ancing the bridge in a known direction and 
observing the direction of balance change 
during the activity. The pattern is, then, 
a direct correlation in the time courses of 
the two wherein the impedance reaches 
its minimum at the peak of the action 
potential. 


Reverse potential responses 


A search was made for clues as to the 
possible origin of the action potential in- 
asmuch as the action potential ordinarily 
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Fig. 5 Changes in the electric impedance of a single cell of Noctiluca associated with 


electric responses. 


The upper trace represents the intracellular potential on which the 


bridge A.C. is superposed. The lower trace shows bridge unbalances during activity. The 


bridge was balanced roughly for the impedance of the cell at rest. 
between the responses and the impedance loss. 


Note the simultaneity 
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recorded in Noctiluca was opposite to that 
of many other known cells and in view of 
the fact that the recording electrode was 
for the most part in the sap vacuole 
rather than in the protoplasm. This po- 
tential change may arise from either the 
outer membrane, the inner membrane 
facing the sap, or both. One effort in this 
direction, i.e., the introduction of the re- 
cording microelectrode into the protoplasm 
per se with the aid of a high power micro- 
scope, produced some interesting records. 
In those instances where the electrode 
was inserted very superficially or into the 
dense protoplasmic mass at the base 
of the tentacle, small potential changes 
took place in the reverse direction, i.e., 
the site of the microelectrode became more 
positive as measured from the imposed 
baseline caused by the inward current 
pulse. In other words, the direction of the 
response was occasionally similar to the 
conventional nerve, muscle or other excit- 
able cells, i.e., in the “depolarizing” direc- 
tion. Unlike the highly reproducible re- 
sponses in the “hyperpolarizing” direction, 
the shapes of such “depolarizing” responses 
from Noctiluca were not repeatable from 
cell to cell. Within each individual cell, 
however, these responses not only showed 
reproducible shapes but were also all-or- 
none in nature and the latency shortened 
as the stimulus was gradually increased 
beyond the threshold intensity. Other 
attempts as, e.g., approaching the proto- 
plasm with the microelectrode from the 
sap side or penetrating into the muscular 
tentacle, failed to produce any significant 
results. 
DISCUSSION 


These observations made in this study 
on the responses induced by applied cur- 
rent pulses suggest three distinct possibili- 
ties as to the site of their origin as well as 
some interesting and significant biological 
implications. 

If the outer membrane were responsible 
for the production of these observed “hyper- 
polarizing” responses, Noctiluca then pre- 
sents a bona fide case of reproducible 
all-or-none “response in the reversed direc- 
tions” under normal environment. Alter- 
natively, there is a possibility that the 
observed responses are produced at an 


intracellular membrane, ie., the phase 
boundary between the protoplasm and the 
sap. It is evident that at least one or the} 
other must actually be the case. 

In the first possibility, the potential vari- 
ation during activity is in the direction 
in which the cell interior becomes more : 
negative during the spike with respect to) 
its previous state, or according to the con- - 
ventional description, the response is truly 
“hyperpolarizing.” Such responses are not 
entirely unknown. For instance, this sort: 
of response is known to occur reproduc- 
ibly: in squid giant axon (Segal, 58; Ta- 
saki, 59a) and in myelinated single nerve 
fibers of amphibians (Mueller, 58; Stamp-) 
fli, 58; Tasaki, 59a) both subjected to) 
high external potassium concentrations; ; 
in frog dorsal root ganglion cells immersed | 
in barium rich solutions (Tasaki, *59b);; 
in Purkinje fibers of dog’s heart under* 
low temperature (Chang and Schmidt, | 
°60); and although not strictly analogous, | 
in secretory cells of the salivary gland 
(Lundberg, *55, °57). These, howevem} 
occur only under abnormal conditions or 
do not possess the all-or-none character. | 
Against this first possibility, it should be 
pointed out that in Noctiluca the response 
amplitude remains unaltered while the 
external chemical environments are dras-: 
tically changed. 

If one assumes instead that the inner 
membrane facing the extensive sap vacuole: 
is producing the response, one may con-: 
sider the sap fluid of Noctiluca acting as 
the external space of the ordinary response 
situations in other cells, and the proto-; 
plasm, though it surrounds the sap, as the 
cell interior. Then the direction of the 
stimulating current and that of the re-: 
sponse can be regarded as being similar} 
to the situation in ordinary excitable cells; ; 
currents flowing from the protoplasm out-: 
ward across the membrane elicit responses: 
which will make the protoplasm more 
positive during the spike relative to the 
vacuolar sap. Also, in ordinary cases the 
impedance of the membrane decreases 
during activity, and so does the observed 
impedance change in this study. The in- 
sensitivity of the action potential to the 
external ion changes and to many of the: 
chemical agents dissolved in the surround-: 
ing sea water may indicate that the mem-! 
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brane responding might be well protected 
by the outer plasma membrane and the 
layer of protoplasm. It seems quite un- 
likely that the outermost pellicle of the 
cell would act as a barrier, especially to 
the smaller ions. Furthermore, Hisada 
(57) reports that the potassium content 
of the sap is similar to that of the sea 
water. The increase in the concentration 
of potassium or decrease of sodium in the 
surrounding sea water would then be ex- 
pected to have very little effect on the 
sap composition. These considerations 
point to the likely existence of the regen- 
erative all-or-none response of the intra- 
cellular membrane between the sap vac- 
uole and the protoplasm. 

It is not inconceivable that both mem- 
branes may be involved in the production 
of the normally observed response. The 
occurrence of all-or-none “depolarizing” 
responses at a time when both electrodes 
are barely inside the cell as well as the 
difference in the shapes of responses be- 
fore and after prolongation of the spike 
duration suggest such a possibility. This 
situation is similar to that which was 
postulated by Osterhout (’34) on the cell 
of Nitella. It might be pointed out in this 
connection that the observed time course 
of the potential difference across the cell 
caused by a rectangular current pulse is 
given by a simple logarithmic curve. This 
fact appears to mitigate against this third 
possibility. 

Whenever a microelectrode with a di- 
ameter of 1.5 u or larger was employed 
during this study, it was extremely diffi- 
cult to impale a cell; furthermore, when 
the impalement was made, damage to the 
cell was so great that a proper sealing was 
rarely obtained. Hisada’s measurements 
of resting potentials were made between 
the time of protoplasmic enclosure of the 
2 tip and the vacuole formation around 
it. Continuous electrode resistance mon- 
itoring in the present study showed that 
after the tip was placed in the sap, the 
electrode became extremely unstable as 
soon as the protoplasm started to engulf 
the tip. Eventually it became impossible 
to measure the action potential when the 
vacuole formation was completed. It is 
therefore, very difficult to draw any con- 


clusion from the D.C. potential level ob- 
servations made without, as was presum- 
ably the case with Hisada, precise knowl- 
edge of the stability and the resistance of 
the electrode throughout the period. 

It is noteworthy that the measurements 
of conductivity during activity by means 
of an A.C. bridge parallel the data obtained 
by an entirely different method, ie., by 
measurements of V—I relations before and 
during activity. Both sets of data show a 
definite increase in the conductance dur- 
ing activity. Such was the case in squid 
axon (Cole and Curtis, 39) and frog 
single fiber (Tasaki and Mizuguchi, 48). 
The values of membrane resistance, 1.4 
X 10° ohm:cm’, and capacitance, 1.3 pF/ 
cm’ for Noctiluca, including the two mem- 
branes, compare favorably with those ob- 
tained from other organisms; for example, 
in squid the membrane resistance and 
capacitance are estimated to be 1 X 10° 
ohm:cm’* and 1.1 wuF/cm’ respectively 
(Curtis and Cole, 39); in frog single node, 
8-20 ohm-:cm’ and 3—7 uF /cm? (Tasaki, 
05); in Fundulus eggs 3.4 * 10° ohm-cm’ 
and 0.63 uF /cm? (Kao, 56); and in star- 
fish eggs, 3.1 X 10° ohm-cm’ and 0.5 uF/ 
ome Cl yieretrals o6))3 

The electrical responses observed in this 
study were usually the result of inward 
or anodal current pulses applied through 
the micro-electrode inserted within the cell. 
Break responses to cathodal or outward 
pulses which Hisada described briefly 
could only be obtained rarely and then 
with difficulty. The reasons why Hisada 
was not able to get the responses to inward 
current pulses and why there never was a 
specimen which gave spontaneous elec- 
trical responses associated with the spon- 
taneous tentacular movement in this study 
are not clear. Since most of Hisada’s pub- 
lished response records were based on such 
spontaneous phenomena, it may be pos- 
sible that there are some differences be- 
tween his Noctiluca specimens and ours. 
The luminescence is, e.g., one quality 
where our specimen differed from his. For 
these reasons, we have made attempts to 
obtain Japanese specimens, but thus far 
we have not been successful. A more de- 
tailed study (with a proper light intensity 
recording setup) of the relations between 
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the induced luminescent response and the 
electrical activity would seem a wonderful 
project for the future. 


SUMMARY 


1. A detailed study on the electro- 
physiological properties of Noctiluca has 
been carried out using hyper fine micro- 
electrodes, a unity-gain amplifier, pulse 
generators and a dual-beam oscilloscope. 

2. No significant resting potential 
was observed in more than 200 cells suc- 
cessfully impaled. The resistance of the 
recording electrode was continuously mon- 
itored before, during and after each im- 
palement. 

3. Electrical response which has a po- 
larity opposite to the potential variations 
in the (hyperpolarizing ) responses of most 
other cells, is elicited when a sufficient 
inward current flows across the cell sur- 
face. This response is all-or-none in char- 
acter with a definite threshold. 

4. Such electric response did not de- 
crease its amplitude when all but 10% 
of the sodium normally present in the 
sea water was replaced with either potas- 
sium, choline or sucrose. Ten per cent 
isotonic TEA, 0.005% cocaine and 3% 
urethane solutions prolonged the response 
duration without decreasing its height. 

5. Current voltage relations in Nocti- 
luca show a linear relationship which ex- 
hibits a discontinuity and a change in its 
slope at the threshold current strength. 
An increase in conductivity associated 
with activity has also been recorded using 
an a.c. bridge circuit. 

6. Membrane resistance and capaci- 
tance during the inactive state averaged 
1.4 X 10° ohm:cm’ and 1.3 uF /cm? respec- 
tively. 

7. Alternative possibilities of whether 
such response is a true “hyperpolarizing” 
response or an intracellular response have 
been discussed. 
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Metabolic Studies on Frog Skin Epithelium’ 


LEIF SKJELKVALE,? VIRGINIA K. NIEDER ann ERNST G. HUF 
Department of Physiology, Medical College of Virginia, 


Richmond, Virginia 


“Active transport” across isolated living 
membranes was first described in frog skin 
(Huf, 35a, 35b, 36a). It was observed 
that isolated frog skin is able to move elec- 
trolytes (NaCl) and water from the epithe- 
lial side to the corium side of the skin in 
the absence of and even against a concen- 
tration gradient. Moreover, it was found 
that this transport of electrolytes and water 
was diminished when small amounts of en- 
zyme inhibitors were added to the salt solu- 
tions bathing the isolated skin or when 
skins of frogs were used which were pre- 
treated with enzyme poison. The relation 
between transport of electrolyte solutions 
across the skin and skin metabolism was, 
thus, strongly suggested. Since these early 
observations on active transport, frog skin 
has been often used in studies to elucidate 
the biophysical pumping mechanism which 
leads to salt accumulation on the corium 
side of frog skin. Ussing and Zerahn (751) 
have shown that the skin acts directly on 
sodium ions, moving them in the inward 
direction; chloride ions follow passively 
in the electric field. In spite of the fre- 
quent choice of frog skin in studies on ac- 
tive ion transport there is a great lack of 
knowledge about metabolic reactions in 
epithelial cells of frog skin. A number of 
investigators have made measurements to 
find out how many sodium ions are trans- 
ported for each molecule of oxygen con- 
sumed (Leaf and Renshaw, ’56, ’57a; 
Zerahn, 56a, ’56b, 58; Huf et al., 57; Huf 
and Doss, 759). Extensive use has been 
made of enzyme inhibitors (Huf, ’35, ‘36a; 
Huf et al., 57; Fuhrman, ’52). The fact 
that a number of specific inhibitors such 
as iodoacetate, fluoroacetate, azide, dinitro- 
phenol, depress the rate of active ion trans- 
port and oxygen consumption points to in- 
volvement of glycolytic reactions, the Krebs 
cycle, the oxidative chain and oxidative 
phosphorylation reactions in active ion 


transport. It seems, however, that unless 
more is known about each of these reac- 
tions in frog skin, the mechanism and the 
energetics of active sodium transport can- 
not be fully understood. 

The experiments described in this paper 
were carried out with the following aims 
in mind. First, to provide for information 
on electrolyte composition and the metab- 
olism of isolated skin epithelium, and sec- 
ondly to apply conventional biochemical 
methods of investigation of cellular meta- 
bolism to homogenates of epithelial cells 
of frog skin. Brief reports of these studies 
have already been published (Skjelkvale 
Gel. “orey Moe, tate) an 


METHODS 


Studies on isolated skin epithelium. 
Large frogs (Rana pipiens) were killed by 
cutting the spine and pithing. The ab- 
dominal skin, the least glandular part of 
the skin, was cut out and cleaned of all 
adhering tissue. The skins were kept at 
5°C in Petri dishes with 10 ml of a 4 mM 
NaHCO; solution, adjusted to pH 7. Eight- 
een to 20 hours later, the epithelium could 
easily be removed from the corium by 
scraping. Histological studies showed that 
a complete separation of the epithelium 
from the corium was achieved (fig. 1). 
The Warburg technique was used for 
measurements of oxygen uptake (Umbreit 
et al., 57). Epithelium of several abdomi- 
nal skins was pooled and the pool was di- 
vided into several portions. Each portion 
corresponded to about one half of the epi- 
thelium of the abdominal skin of one frog. 
This was equal to 15-30 mg dry weight. 
The salt solution used had the following 
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Figo 


composition: 90 mM NaCl; 12 mM Na- 
HPO.; 10 mM KCl; pH 7.0. The Warburg 
vessels were filled as follows: Center well, 
0.15 ml of 10% KOH solution into which 
one piece of pleated filter paper was im- 
mersed; main compartment, 1.65 ml of 
salt solution and epithelium; sidearm, 0.40 
ml of Ringer’s solution with the dissolved 
metabolites or inhibitors in the experimen- 
tal vessels, and 0.40 ml of plain salt solu- 
tion in the control vessels. Six experimen- 
tal vessels were accompanied by 6 or more 
control vessels. All measurements were 
carried out in air at 20°C. Fifteen to 20 
minutes were allowed for equilibration of 
temperature. Readings were taken for two 
hours at 30 minute intervals. The con- 
tents of the sidearm were then added to 
the main compartment and 15 minutes 
later the readings were continued for two 


Complete separation of the epithelial layer from the corium of the frog skin of 
the abdominal wall. A, epithelium; B, corium. 


hours. Most measurements were carrier 
out with a rotary Warburg apparatu 
(Aminco). Shaking frequency was 11! 
c/min. and amplitude was 4 cm. 

Average Qo. values (O2 uptake per hy 
per mg dry wt) were used for the calcula 
tion of regression lines. The differences it 
the slopes of the lines obtained before ana 
after adding the contents of the sidearm 
were used to calculate percentage change: 
in oxygen consumption. Bacterial growth 
in the Warburg flasks was not a matte 
of concern in 4- to 5-hour experiment 
(fig. 2e). It was observed, however, tha 
after many more hours of incubation th: 
rate of O: consumption increased. This in 
crease could be prevented by the additio; 
of penicillin and streptomycin to the sal 
solution in the vessels (fig. 2f). 
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Fig. 2 Effects of enzyme poisons, substrates, antibiotics on O2 consumption of isolated 


skin epithelium in phosphate buffered salt solution. 
100 wg of streptomycin per ml of salt solution was used in experiments e and f. 


A mixture of 100 units penicillin and 
Shown 


are the calculated regression lines obtained from several experiments in each series (two 


in c and d, 5 and more in the other series). 


A 25% and 50% increase in the NaCl 
concentration of the salt solution decreased 
the oxygen uptake by about 2% and 6% 
respectively. The differences were not sig- 
nificant. This point was tested because 
metabolites were used in the form of so- 
dium salts. 

Sodium and potassium content of epithe- 
lium, corium, and of whole skin were 


measured by flame photometry of a solu- 
tion of the ash of the respective tissues 
(Huf, Wills and Arrighi, 55). Water con- 
tent of the tissue was calculated from 
weighings of the samples before and after 
drying at 120°C for two hours. 

Studies on epithelial homogenate. Frog 
skin epithelium is a rather tough tissue. It 
is much more difficult to obtain a satis- 
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factory homogenate of skin epithelium 
than it is of kidney or liver tissues which 
were used here for comparison in several 
studies. A microscopic examination of the 
epithelial homogenates which were used 
showed the presence of some intact cells, 
small sheets of epithelium composed of, 
maybe, several hundred cells, and abun- 
dance of particulate matter. After many 
failures the following procedures were 
adopted: 10 to 20 frogs were used in the 
preparation of homogenate for 12 Warburg 
vessels. The frogs were killed and the 
abdominal skin excised and cleaned of 
adhering tissue. The skins were placed in 
50-75 ml of a solution of 4 mM NaHCO; 
and 2 mM _ di-sodium ethylenediamine 
tetracetate (Versene), pH 7. The solution 
containing the skin was placed in an ice 
bath and was magnetically stirred for one 
hour. After rinsing the skin with isotonic 
KCl and drying it between filter papers, the 
epithelium was removed by lightly scrap- 
ing the surface of the skin. The scrapings 
were suspended in isotonic KCl and im- 
mediately centrifuged for three minutes 
at about 1000 rpm. The supernatant fluid 
was poured off and the remaining epithe- 
lium was dried between thick layers of 
filter paper, weighed and suspended in 
homogenizing medium to yield a 10% 
homogenate. Homogenization was carried 
out with small batches of epithelium. Be- 
fore taking aliquots the combined homog- 
enates were magnetically stirred while 
being cooled in ice. In this way samples of 
fairly uniform activity were obtained. 

Media for homogenization. Ice cold iso- 
tonic KCl solution (154 mM) was used 
with success throughout most of the ex- 
periments. Novikoff’s medium (Novikoff, 
35.) was used when attempts were made to 
fractionate the homogenate. Since these 
efforts, so far, have been unsuccessful no 
details will be reported. It was seen, how- 
ever, that homogenates prepared with 
Novikoff’s medium had about the same 
activity as those prepared with isotonic 
KCl. All media were 3 mM with respect to 
Versene and contained 0.1% of Antifoam 
B (Dow-Corning ). 

Homogenization was carried out in 50 
ml thin walled, ice cooled tubes of the 
Potter-Elvehjem type. The pestle with cut- 
ting teeth was attached directly through a 


chuck to a heavy duty stirring motor wits 
friction clutch. Homogenization at 200) 
rpm (5000 rpm for the first few secondss 
was carried out for periods of not mor} 
than one minute with as many strokes ay 
possible. Intervals were allowed betwee? 
these periods for cooling of the content} 
of the tube. This was continued until t 4 
pestle slid easily up and down the tube¢ 
The high speed of 2000 rpm, used here 
versus the more conventional speed a 
800-1500 rpm was necessary to preve 
sticking. 

To establish some criterion for the tighi 
ness between tube and pestle, the tube was 
filled with 25 ml of distilled water and t 
pestle was pushed to the bottom of thi 
tube. Experience has shown that the bess 
tube-pestle combination was one in whic) 
it took about 15 seconds for the pestle ti 
glide out of the water after releasing @ 
the tube. 

Oxygen consumption was measure 
with the Warburg apparatus (see above > 
The center well of the reaction vessels con 
tained 0.2 ml of 10% KOH. Two ml of ic: 
cold homogenate were mixed in the req 
action vessel with 1 ml of ice cold reactios} 
mixture (table 1). Preliminary exper? 
ments showed that the optimal pH waa 
from 7.1—7.6 and the optimal temperatury 
from 34 to 38°C. All experiments reportee 
here were done at pH 7.1 to 7.2 and 
30. G. 

Chemicals. All common chemicals we 
reagent grade. Double glass distilled wated 
was used throughout this study. Sublt 
strates and other special chemicals wer 
obtained from Sigma Chemical Company 


TABLE 1 
Composition of reaction mixture containing 
200 mg homogenized epithelium. The 
mixture is about 250 milliosmolar 


“moles 

5 Component per 3 ml 
Tris (hydroxymethyl )-aminomethane 60 
KH2PO, 40 
K-acetate 19) 
MgCl, 12 
ATP 3 
Cytochrome c 0.03 
Yeast concentrate 3 mg 
Substrates as K-salts; (equimolar 

amounts of KCl in controls ) 12 
Versene 6 
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California Foundation for Biochemical Re- 
search, General Biochemicals Inc. and Nu- 
tritional Biochemical Corporation. 


RESULTS 
A. Studies on intact epithelium 


1. Electrolytes and water content: Qoo. 
Table 2 gives average data on electrolyte 
and water content, and on rate of O. con- 
sumption of isolated epithelium, corium 
and intact skin. The data on water, Na* 
and K* content of fresh skin check with 
results obtained in earlier work from this 
laboratory (Huf, Doss and Wills, ’57). 

Fifty to 60% of the Nat and Kt was 
lost when skin was kept for 20 hours in 4 
mM NaHCO; solution (see under methods). 
Both Na* and, especially, K* of the skin 
were found in higher concentrations in the 
epithelial layer than in the corium. It is 
known that the epithelium represents 
about one-sixth of the cross sectional area 
of preserved skin (Huf, ’55). It will be 
noted from table 2 that the O, consump- 
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tion of the corium was negligible as com- 
pared to O: consumption of the epithelium. 
Paired pieces of skins of several frogs were 
kept at 5°C in 4 mM NaHCO; solution for 
one and for 24 hours respectively. When 
the epithelium was removed and studied 
it was found that the average rate of O, 
consumption was the same in both cases 
(Qos values of 1.53 and 1.56 respectively). 
A statistically insignificant 10% increase 
of O, uptake by epithelium was seen when 
the skins were pretreated in 4 mM NaHCo, 
and 10 mM KCI solution, to prevent losses 
of skin potassium (Huf, Wills and Arrighi, 
D5). 

2. Factors influencing O2 consumption. 
Figure 2 summarizes results of experi- 
ments in which the influence of several 
factors on oxygen consumption was inves- 
tigated. Azide (1 mM) quite effectively 
depressed tissue respiration (fig. 2a), 
while oxaloacetate stimulated oxygen up- 
take (fig. 2b). Sodium acetate did not 
abolish the inhibitory effect of fluoroac- 


TABLE 2 
Water, electrolyte content of tissues; Qo, data‘ 


. Intact skin, fresh 

. Intact skin, treated? 

. Epithelium of treated skin 
. Corium of treated skin 


omeomom) 


H20 Nat Kt Qos 

% neqg/gm dry tissue Be 
81.5 269 150 0.60 
85.8 aS) 68 
88.8 ALi 137 1.20 
73.0 62 29 negligible 


1 Average values calculated from (a) 12; (b) 4; (c) 7; (d) 8 experiments. 
2 Skin was kept for 20 hrs. at 5°C in 4 mM NaHCO; solution at pH 7.0. 


TABLE 3 
Influence of metabolites on respiration of isolated frog skin epithelium 


Figures express percentage increase over controls (see under methods). Data are averages 
of results of 6 to 16 experimnts for each substrate concentration. 


Substrate concentration, mM 


Substrates 

(Na-salts ) 1 5 20 
Citrate 2) 16 47 
cis-Aconitate 9 20 40 
dl-Allo-isocitrate 43 72 26 
a-Ketoglutarate 5 24 38 
Succinate 12 42 96 
Fumarate 8 22 2 
1-Malate 2 12) 3 
Oxaloacetate 27 50 es 
Pyruvate 22 33 Bs 
Pyruvate + oxaloacetate — 52 = 
1-Aspartate sS ae mA 
1-Glutamate ‘ 4 ss 


B-Hydroxybutyrate 
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etate when this poison was added to the 
salt solution at zero time and the addition 
of acetate followed later (fig. 2c). If the 
acetate was added at zero time and then, 
at a later time, the system was poisoned 
with fluoroacetate, the protective effect of 
acetate was quite noticeable (fig. 2d; 60% 
inhibition in the absence of, and 30% 
inhibition in the presence of acetate). The 
significance of the results shown in figures 
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Fig. 3 Changes of Qo, values with time for ski i i 
n epithelium kept in pho 
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2e and 2f is explained under method 
More data on the influence of metabolite 
on the rate of respiration are given i 
table 3 (see also Huf, ’36b). It will b 
noted that all the substrates which were 
tried stimulated tissue respiration. Soma 
of them had their optimal effect at 5 mM 
concentration, others brought about fu 
ther increase of O2 uptake when given a: 
20 mM concentration. Succinate and o 


rate, Numbers of experiments are given in the illustration in parenthesis 
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aloacetate were the most effective sub- 
strates while $-hydroxybutyrate was the 
least effective. It was noted that shortly 
after the addition of succinate, the stimu- 
lation of respiration was greater than it 
was after some time had passed. This 
observation is illustrated in figure 3 which 
shows the rapid decrease of the Qoy values 
with time. This was not the case with 
a-ketoglutarate (fig. 3) and other metab- 
olites. These observations indicate that 
the method of comparing slopes of calcu- 
lated regression lines to express quantita- 
tively the effects of metabolites on respira- 
tion, as used here, has its limitations. The 
data presented in figure 2, therefore, de- 
scribe only average effects. 


B. Studies on epithelial homogenate 


1. Effect of Versene. The ability of 
the homogenate to oxidize a mixture of 
4 mM fumarate and 4 mM pyruvate was 
first investigated. It soon became apparent 
that frog skin epithelium contained some 
material which inhibited tissue respiration. 
Since the inhibitory factor was heat stable 
it was assumed to be a heavy metal and 
attempts were made to remove it with 
chelating agents. Diethyldithiocarbamate, 
a copper-specific chelating agent, failed to 
remove the inhibitory factor. Versene, 
which effectively can remove three valent 
iron, was therefore tried. Some results 
showing the inhibitory action of skin epi- 
thelial homogenate on rat kidney homog- 
enate respiration and the effects of Ver- 
sene are shown in table 4. Boiled skin 
epithelial homogenate acted as a stronger 
inhibitor than fresh skin epithelium ho- 
mogenate (see “net” data, column 2). When 
skin epithelium was homogenized in the 
presence of Versene, partial and complete 
removal of the inhibitor of respiration was 
observed (columns 3 to 5, table 4). In 
fact, (see column 5) the combined kidney 
and Versen treated skin epithelial homog- 
enate showed higher oxygen uptake than 
expected from the rates of oxygen con- 
sumption of either homogenate alone. This 
was the result of an increased endogenous 
respiration which was always seen when 
the mixture of the two tissue homogenates 
was used. Systematic studies have shown 
that no advantage was gained by the addi- 
tion of Versene to the bicarbonated water 


in which the skins were kept preceedin; 
the removal of the epithelium. The opt 
mal Versene concentration in the homogg 
enizing medium for removal of the inj 
hibitor was 3 mM. After removal of thaj 
inhibitor, preparations of fairly constany 
metabolic activity for periods of 1 to % 
hours were obtained. 

2. Factors affecting the rate of respirai 
tion of epithelial homogenate. In all the 
experiments described below, substrate} 
solutions of 4 mM fumarate and 4 m 
pyruvate were used. If the reaction me 
dium of Aisenberg and Potter (55) co 
tained 0.01 mM cytochrome c, a 6-folc¢ 
increase of O:. uptake, as compared te¢ 
controls with no cytochrome c, was see 
Application of 0.1 mM cytochrome c co 
centration led to a further but rather sma 
increase in the rate of O2 consumptio 
Addition of 0.1% yeast concentrate to 0.02 
mM cytochrome c doubled the rate o 
respiration as compared to controls with} 
no yeast concentrate. Table 5 summarizes 
the results of respiration studies in the 
presence of CoA, DPN and TPN. It wi 
be seen that CoA and DPN, given sepay 
rately, stimulated respiration and that ¢ 
mixture of both could substitute for yeas} 
concentrate. As was to be expected, TPM 
could not fully replace DPN. Presence o3} 
niacinamide 


(FAD, 1 mM), in the basic system conj 
taining ATP, cytochrome c and yeast con 
centrate (table 1), did not raise the Oj} 
consumption above the values obtainec# 
when the unsupplemented system was 
used. The same was true when the basia{ 
system was supplemented with cystidine} 
diphosphate (CDP 1 mM), guanosine dit 
phosphate (GDP 1 mM), or inosine diphoss 
phate (IPP 1 mM). Glutathione (1 mM’} 
did not raise net respiration but doublec# 
endogenous respiration. d, 1-Thioctic acicf 
(0.017 and 0.033 mM), in the absence 03} 
presence of niacinamide and TPP, did no} 
affect the rate of O. uptake. When testec( 
for reasons not to be discussed, serotoni 
and heparin did not influence O. consumpd 
tion of epithelial homogenate. Of inori 
ganic factors the need for MgCl., MnCl] 
and CaCl. was investigated in a few exi 
periments. A 2 to 4 mM solution of MgCl 
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TABLE 5 
Effect of CoA, DPN and TPN on respiration of epithelial homogenate 


Composition of reaction mixture is given 
Warburg flask 0.33 mM. Substrates: 
factors were given in 0.1 mM concentrations. 
tions were made in pairs. 


in table 1. Final Versene concentration in 


4 mM fumarate+4 mM pyruvate. LempmsbeCarAll 


Yeast concentrate (YC): 0.1%. All observa- 


Oz consumption 


Substrate KE) CoA DPN TPN 
Total Net 
hl/hr./200 mg wet tissue 
= = _— == — 61 ae 
ar Cs _ — = 132 val 
te se + = Z 132 71 
“a ai — + = 134 73 
+ a + = 135 74 
= = = - = 60 == 
al oS — — = 86 26 
ar = + — = 104 44 
ha = — + = 107 47 
ae is ab Si = 134 74 
= = Sie + =- 61 — 
+ = + + = 146 85 
— — + _ ak 120 59 
+ — + + + 131 70 
TABLE 6 


Effect of substrate concentration on Oz 
Reaction mixture, see table 1. 


consumption of epithelial homogenate 


Final Versene concentration: 0.33 mM. Temp. 35°C. 


Average values based on two to 6 experiments for each combination of substrates. 


Fumarate Pyruvate 
uMoles/3 ml uMoles/3 ml 

(0) 0 

3 i¢) 

6 (0) 
1192 10) 
12 8 
12 6 
12 12 
12 18 
12 24 
18 0) 
24 (0) 
48 (0) 
96 (0) 


O2 consumption 


Total Net 
ul/hr./200 mg wet tissue 

62 — 
126 64 
153 91 
160 98 
180 118 
195 133 
203 141 
189 127 
195 133 
164 102 
7/Al 109 
160 98 
139 ada 


d to optimal O: uptake when using fuma- 
te + pyruvate as substrates. MnCl. in 
nall concentrations (up to 0.16 mM) 
sither increased nor decreased the rate 
‘respiration. One to 2 mM solutions of 
nCl,, however, inhibited O. uptake, as 
d 0.5 to 4 mM solutions of CaCl. 

3. Substrate concentration. In the pre- 
eding experiments mixtures of 4 mM 
marate and 4 mM pyruvate were arbi- 
arily employed. Table 6 summarizes the 
sults of experiments which were aimed 


at finding the optimal concentration for 
those substrates. It can be seen that best 
results were obtained when both fumarate 
and pyruvate were used in 4 mM concen- 
trations. Since the 10% epithelial homog- 
enate used in these experiments con- 
tained abundantly, though not exclusively 
particulate matter (see under methods), 
and because there was some latitude in 
the optimal concentrations for the two 
substrates, it is believed that results sim- 
ilar to those shown in table 6 may have 
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TABLE 7 
Effect of various metabolites on O2-consumption of epithelial homogenate 
Reaction medium: see table 1. Temp. 35°C. Average values based on two to 8 experiments 


for each substrate or substrate combination. 


SS SS 


12 wMoles of each substrate 
in 3 ml 


No substrate 


Pyruvate 
Fumarate 
Fumarate + pyruvate 


c Succinate 
Succinate + pyruvate 


d_ Citrate 
Citrate + pyruvate 
Citrate + pyruvate + fumarate 


e a-Ketoglutarate 
]-Glutamate 
a-Ketoglutarate + 1-glutamate 


been obtained if the epithelium had been 
in a state of complete homogenization. 

4. Comparison of metabolites. Several 
Krebs cycle metabolites, alone and in mix- 
tures, and also 1-glutamate were used as 
substrates. All of those tested led to in- 
creased oxygen consumption (table 7). 
The different qualities of the homogenates 
used in the different series of experiments 
(a through e) makes it impossible to com- 
pare quantitatively the effects of the vari- 
ous substrates on respiration. On the 
other hand, the data within each series 
are comparable because they were ob- 
tained with the same homogenate prepa- 
ration. Pyruvate alone had little effect on 
rate of respiration. Fumarate, succinate 
and citrate greatly stimulated O. uptake. 
Further increases in O. uptake were seen 
when fumarate or succinate were used 
together with pyruvate. This was not the 
case with citrate + pyruvate. a-Ketogluta- 
rate and l-glutamate proved to be two of 
the best substrates for skin epithelial 
homogenate. Phosphoglycerate and fuma- 
rate together were as effective as the mix- 
ture of pyruvate and fumarate. Phospho- 
glycerate, when given alone, was no more 
effective than pyruvate alone. 

5. Effects of inhibitors. Sodium ar- 
senite (0.02 mM) and fluoroacetate (4 
mM) inhibited fumarate + pyruvate (4 
mM solutions) oxidation by about 60% 
and 15% respectively. The rate of oxida- 


Oz consumption | 


Total Net 
pl/hr./200 mg wet tissue | 
40 _ 
48 8 
161 121 
223 183 
162 122 
227 187 
173 133 
algal 131 
199 159 
203 163 
221 181 
233 193 


tion of l-glutamate or of a-ketoglutara 
or of a mixture of the two substrates ( 
mM solutions) was reduced to about 704 
of the control values when the solution 
were poisoned with 4 mM malonate. TI 
experiments were carried out with reactic 
mixtures of the composition mentioned - 
table 1. 
COMMENTS 

The extensive work that has been dox 
during the past three decades on actii 
transport of electrolytes and water acrod 
isolated frog skin has contributed om 
little to an understanding of the metabob 
reactions which energize the transport. | 
is generally assumed that active ion trar 
port in frog skin is linked with oxidatii 
reactions. Leaf and Renshaw (’57b) ha 
found, however, that active Na* transpc¢ 
continues under completely anaerobic cou 
ditions though at a slower rate (20 
40% ) than in the presence of oxygen. | 
is perhaps, reasonable to assume that bod 
the glycolytic pathway and the Krebs cya 
are in operation in the epithelium of fre 
skin. Proof for this, however, is insufj 
cient. The results presented in this pubd 
cation may be of interest for the followi 
reasons. 

1. A simple method is described 
complete separation of the epithelial lay 
from the corium in frog skin. No studi 
on cellular metabolism, meaningful in 1] 
lation to active electrolyte transport, cou} 
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2 made on whole, intact skin. For bio- 
1emical investigations, scrapings of the 
oithelial layers are probably adequate. 
ttention may be called, however, to the 
ossibility of obtaining sufficiently large, 
itact sheets of epithelium for transport 
udies. 

2. The presented metabolic studies on 
lated epithelium and on epithelial homo- 
enate have led to results which strongly 
oint to the operation of the Krebs cycle 
1 this tissue. This conclusion derives 
rom respiration studies with Krebs cycle 
1etabolites singly or in combinations 
tables 3, 5 to 7) and from the effects of 
oisons, administered with and without 
ubstrates, acting on enzymes of the Krebs 
ycle (fig. 2; paragraph 5, section B). The 
bservation described above (table 7) that 
itrate, a-ketoglutarate, succinate, and 
umarate led to stimulation of O. consump- 
ion of epithelial homogenate may indicate 
hat through the operation of the Krebs 
ycle, malate and oxaloacetate were 
ormed for pyruvate formation, followed 
Yy pyruvate consumption via the citric- 
cid cycle. If this interpretation is valid, 
t is not difficult to understand why pyru- 
rate, as the only substrate present, did 
lot or not greatly stimulate O2. consump- 
ion via the Krebs cycle. These and other 
peculations will have to be tested by esti- 
nating chemically or otherwise, interme- 
liary metabolites and their rates of turn- 
ver in epithelial homogenates. 

Although our interest was primarily in 
netabolism of frog skin epithelium, about 
vhich little is known, several reports in 
he literature were found dealing with 
ntermediary metabolism of epithelium of 
mammalian skin (rat, guinea pig, hu- 
nan). Proof of the operation of the citric- 
cid cycle in mammalian skin, it seems, 
Ss now conclusive (Barron et al., 48; Her- 
ey and Mendle, 54; Griesemer and Gould, 
54; Gardenghi and Marsilli, 56; Cruik- 
hank, Trotter and Cooper, °57; Cruik- 
hank, Hersey and Lewis, 58). 

3. A good homogenate of frog skin epi- 
helium, comparable in quality to kidney 
ind liver homogenate, is rather difficult 
o obtain. The experiences gained and 
lescribed in this paper may be useful in 
‘uture attempts to improve the morpho- 
ogical characteristics of epithelial homog- 
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enate. Such improvements will have to 
be made before meaningful fractionation 
studies can be undertaken. Work in this 
direction is now in progress for studies on 
oxidative phosphorylation in frog skin epi- 
thelial homogenate. 
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An X-Ray Induced Block Preventing Cell 
Jegeneration and Accompanying an 


nhibition of Cell Division 
n Yeast 


EDWARD SPOERL, H. W. NIELDS anp J. J. PLISICH 
U. S. Army Medical Research Laboratory, 


Fort Knox, Kentucky 


Continuous low doses of x-radiation 
nterrupt cell division in yeast cells, while 
rrowth continues. Presumably the radia- 
ion selectively blocks some necessary re- 
ction and keeps it blocked, so that division 
vannot occur, at least during short experi- 
nental periods (Spoerl et al., 54; Spoerl 
ind Looney, 58). Ionizing radiation may 
iffect cellular reactions indiscriminately 
yecause of the non-specific way in which 
t is absorbed. However, with doses suffi- 
‘iently small to reduce the number of 
letectable responses to a few only which 
esult from a high sensitivity to radiation 
yw radiation products, it is reasonable to 
1ope that the sites affected might be un- 
covered. The dose used in the present 
studies was low in terms of any observable 
‘ell response, and recovery was _ high. 
Yeast cells have been reported to grow over 
ong periods of time at equivalent or even 
ligher doses (Welch, ’57). Further, the 
‘onsistency of the interference with divi- 
ion and the resulting formation of paired- 
ells (Spoerl et al., 54), along with a 
ynchronized recovery of the capacity to 
livide (Spoerl and Looney, ’59) argue for 
i highly sensitive and also specific site of 
njury. During attempts to uncover re- 
ictions involved in this inhibition of divi- 
ion, a markedly increased uptake of P” 
yy irradiated as compared to unirradiated 
ells was noted after the cells had been 
tarved overnight (Spoerl et al., 59). Fur- 
her studies have shown that this inter- 
erence with division, or perhaps other 
njuries coincident with the division in- 
ury, results upon starvation in differences 
etween irradiated and unirradiated cells 
n weight, permeability, viability, fermen- 


tation, and respiration, as well as P” 
uptake. The data described below, support 
the concept of specific injuries and con- 
tribute to the attempt to uncover key points 
of injury. 


MATERIALS AND METHODS 


A previously used culture of Saccharo- 
myces cerevisiae was handled in general as 
described earlier (Spoerl and Looney, ’58; 
Spoerl et al., 59). Cells were grown over- 
night and irradiated the following day in 
growth medium during the exponential 
phase of growth. The two-hour period of 
irradiation (used in all experiments) was 
started when cultures were at a concentra- 
tion of approximately 8 x 10° cells/ml. A 
Maxitron 250 kvp x-ray machine with 
0.5 mm Cu and 1 mm AI added filtration 
was used to provide a radiation dose of 2.0 
kr/hr as measured with a benzoate dosi- 
meter. Following irradiation, cells were 
removed from the growth medium and 
washed twice with distilled water by centri- 
fugation and then resuspended in buffer 
for immediate measurements, extracted 
for analyses, or resuspended in distilled 
water (0.5 of original culture volume, 
usually 50 ml) and incubated on a recip- 
rocal shaker overnight (21 hours, average) 
at 28.5°C as the means of starvation. 
Starved cells were removed from the water 
suspension and washed with water once 
by centrifugation before resuspension in 
buffer or extraction. Unirradiated cells 
were handled in parallel except for the 
irradiation. Aliquots of suspensions taken 
for dry weight were dried overnight at 
105°C. Viability (colony forming ability) 
was measured by diluting cells in sterile 
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distilled water, plating in triplicate on 
Wort agar and incubating at 30°C for 48 
or 72 hours. Cells were counted in a 
standard hemocytometer. Buds approxi- 
mately greater in diameter than one half 
the diameter of the mother cell were 
counted as cells. 

Oxygen use and CO: production were 
measured at 30°C by standard direct man- 
ometric procedures (Umbreit et al., ’49) 
with air or N2 as the gas phase. The phos- 
phate buffer used was M/15 KH:;PO.(pH 
4.5), and the TST buffer consisted of an 
equimolar mixture of tartaric and succinic 
acids adjusted to the desired pH with tri- 
ethylamine (Rothstein et al., 59). When 
Kt was added, KCl at M/15 concentration 
was included in the TST buffer. After 
washing, cells were resuspended (0.3 to 
14.0 mg dry wt/ml, depending upon the 
measurement to be made) in buffer con- 
taining 0.1 M glucose and then transferred 
(2.0 ml) to the Warburg flasks. The pH 
was checked also after gas exchange meas- 
urements were completed. Time of han- 
dling was standardized (100 minutes av- 
erage time to O reading after irradiation 
stopped). Oxygen use under endogenous 
conditions decreased after 100 minutes of 
readings; with glucose, rates increased 
somewhat during a 300 minute period of 
readings; anaerobically the CO. produc- 
tion rate was constant over a 200-minute 
period of readings. 

Cells for analyses were chilled at the 
termination of the irradiation or after 
starving and subsequently handled and 
extracted cold (4°C or less). Fractiona- 
tions of phosphorus (P) containing com- 
pounds and analyses for the radioactive 
P (P*”) uptake experiments were carried 
out as was done previously (Spoerl et al., 
09). The P data presented in table 1 were 
obtained by a modified procedure, also 
similar to one used previously (Spoerl and 
Looney, *58) except for additional meas- 
urements with the trichloroacetic acid 
(TCA) extract. In the present experi- 
ments, the cold TCA extract was immedi- 
ately analyzed colorimetrically for ortho P 
and again analyzed for ortho P after hy- 
drolysis at 100°C for 10 minutes in 1 N 
HCl. The ortho P resulting from hydrol- 
ysis is listed as labile P (e.g., soluble poly- 
phosphates (PP), trimetaphosphate, pyro- 


phosphate, adenosine triphosphate ). 
difference in P content between total TC) 
extract P and the ortho P determined afte 
HCl hydrolysis is listed as stable P (e.g 
adenylic acid). Nitrogen was measures 
by digestion and nesslerization as was dor 
previously (Spoerl and Carleton, ’54), any 
carbohydrate, by the anthrone method & 
used previously (Spoerl and Looney, ’58a 

P®” uptake was measured in cells whics 
had been suspended in succinate buffe 
(50 ml, 0.05 M) containing glucose (0! 
M) and incubated for 30 minutes. P” ii 
H;:PO, was then added to make a fina 
0.02 M P concentration (final pH, 4.9) 
and samples taken for analysis after addi 
tional periods of incubation. The P” cor 
tent of the various cell fractions was di 
termined in the solutions resulting frop 
the colorimetric P analysis by counting i 
an annulus-type liquid counting tube (Ri 
diation Counter Laboratories, model 71. 


RESULTS 


P*” uptake. The increased uptake « 
P*” by starved irradiated as compared to uz 
irradiated cells is shown in figure 1. TH 
markedly greater overall uptake by irracg 
ated cells did not occur when uptake wz 
measured immediately after irradiatic 
(Spoerl et al., 59). Additional analyse 
indicated increased amounts of total P po 
unit of dry weight in the irradiated cell 
during the period of P*® uptake measury 
ments, but very little if any increase in ui 
irradiated cells. This observation was n: 
unequivocal, since P uptake could hay 
been concealed by a greater increase in dil 
weight of unirradiated cells. Amounts + 
insoluble PP increased in both types « 
cells, and ortho P decreased. The total 
content of irradiated cells also appearef 
to be greater than that of unirradiated cell] 
immediately after starving and before | 
was added for uptake measurement. : 

P composition. To substantiate som 
of the above apparent differences in P co} 
tent, and with the hope that other diffe 
ences might be found, perhaps related 
observed differences in P loss (see below 
which would provide an insight into ti 
cause for the greater P* uptake, a series + 
analyses was made of irradiated and wi 
irradiated cells immediately after irradi 
tion and again after a period of starvatio 
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Fig. 1 P82 content of unirradiated and irradi- 
-ated yeast cells which were starved and then 
suspended in buffer to which P32 was added. Total 
P82 and the P®2 content of several phosphorus con- 
taining cell fractions are shown at different times 
after the addition. 


erneN The data (listed in table 1) agree with 

ite Ae previous measurements in showing a sig- 
ie a nificant increase in insoluble PP immedi- 

be? TOTAL P ately after irradiation (Spoerl and Looney, 

a 58). Other P constituents showed no sig- 


nificant changes in these cells. It is con- 
ceivable in the case of soluble PP (labile P 
fraction) that no decrease in these com- 
pounds was observed in the present experi- 
ments because molecules of all sizes were 
measured by the analytical procedure in- 
volving hydrolysis, whereas in other studies 
where a decrease in amount was observed 
(Spoerl et al., 59) smaller molecules or 
fragments somehow resulting from irradi- 
ation were not precipitated and measured 
by the method of analysis used. Alter- 
nately, other labile P compounds may have 
increased in amount to compensate for a 
PP decrease. 

Starved unirradiated cells, on the other 
hand, showed a number of changes. Nu- 
cleic acids were increased in amount per 
unit of dry weight, significantly for pen- 
tosenucleic acid (PNA). The increase was 
correlated with a decrease in dry weight 
(see table 2) and evidently is explained 
by this weight decrease if it is assumed that 
no breakdown of formed nucleic acid oc- 
curred. Insoluble PP were reduced to the 
vanishing point by breakdown to ortho P 
as has been observed in starved cells by 
Wiame (749) and others. Labile P, nor- 
mally largely soluble PP, maintained its 


TABLE 1 


Phosphorus content of unirradiated and irradiated yeast cells, immediately after the 
period of irradiation and after an additional period of starvation 


Per cent of immediate unirradiated? 


Immediate 


P fraction unirradiated Immediate Starved _ Starved 
irradiated unirradiated irradiated 
mg/100 mg 
dry weight 
Total 2.80 +0.022 Oe se eh7) 98.8+ 4.58 LOOP =a 25s 
PNA iNOS) SEO Oi hss 98.7+ 1.31 pee 4 10S se BOS) 
DNA 0.28 +0.002 Telnet 46) 1300 = 8.90 94.8+ 9.68 
Insol. PP 0.280 + 0.025 143 +10.4! AM == 16 2" 12.02 5.45 
Phospholipid 0.169 + 0.004 98.7+ 2.44 78.74 4.241 ihyfeyae we 
Total TCA extract 0.961 +0.010 972022 46.03 ess ee wall lags 25 70s 
Ortho 0.338 + 0.008 95.7+ 2.39 Os; a=bvl or yess) ei iets 
Labile 0.455+ 0.010 96.8+ 5.94 94.9+14.6 98.6+11.4 
Stable 0.168 + 0.010 99.3+ 3.34 4473 == 1732 61.4+ 4.94! 


1 Differs significantly from 100 at the 5% level. : 

2 Means plus or minus standard errors are calculated from three to 7 separate experiments 
each analyzed in duplicate. Most of the means for immediate cells are based on 7 separate 
experiments; most of the means for starved cells are based on 4 separate experiments, 


58 EDWARD SPOERL, H. W. NIELDS AND J. J. PLISICH 


TABLE 2 
Changes in unirradiated (Unir.) and irradiated (Ir.) yeast cell constituents during starvation 


ee ee ee eS 
Dry weight loss P N 
a oe Se a 
i % of cell % of cell 
er cue eee at dry weight N ‘content? 

i .92+0.09(4) 9.2 
Unir. 15.5+1.2(54)! 0.307 + 0.036(11) 11.0 0.92+ 
Ir. 13.8+1.0(48) 0.124 + 0.008(8 ) 4.4 0.60 + 0.03(6) 6.0 . | 
Ir. + Unir. 0.85 0.40 0.40 0.65 0.65 


1 Means plus or minus standard error. Figure in parentheses lists number of separate | 
experiments each involving duplicate samples. 


2 Cell N content taken as 10%. 


prestarved level, while the stable organic 
P fraction decreased. 

Starved irradiated cells showed some ad- 
ditional differences in response. Total P 
per unit dry weight was significantly in- 
creased and the P content of the TCA ex- 
tract was greater probably due to a larger 
stable P fraction. The increased total P 
content evidently was the result of a dry 
weight loss rather than additional uptake 
from cells which might have lysed during 
starvation since the number of cells in the 
suspension did not decrease significantly 
(table 5). Unirradiated cells did not show 
a similar increase in total P because of a 
greater loss of P from these cells (table 2). 
Nucleic acids did not increase as in un- 
irradiated cells probably because of a lesser 
loss in dry weight (table 2). Phospholipids 
decreased in both types of starved cells 
presumably through utilization as an 
energy source. Thus, irradiated cells 
showed what appeared to be a lesser 
amount of breakdown of P compounds and 
a smaller P loss than did unirradiated cells. 

Constituent changes. Measurements 
made with the P* uptake experiments 
showed a greater loss of P to the suspend- 
ing water from unirradiated than from ir- 
radiated cells during the period of starva- 
tion. This observation, in addition to rais- 
ing the question of what related P changes 
(above) might occur, also suggested that 
other measurements be made to uncover 
possible losses in dry weight, carbohydrate, 
or nitrogen (N). The losses of P and N 
(table 2) by unirradiated cells appeared 
to be unusual for yeast but evidently can 
be accounted for by culture age (see be- 
low). Carbohydrate analyses showed no 
significant differences due to starvation or 
to irradiation (Immediate: Ir./Unir. = 96.9 


Loss to suspending water 


+ 2.2(8); Starved: Ir./Unir. = 96.9 = 2.1] 

5)). : 
ee studies. Measurements off 
oxygen use (summarized in table 3) ini 
succinate buffer identical to that in which 
P* uptake was measured showed an in-; 
creased oxygen use by starved cells. Suc- 
ceeding measurements were made in phos- 
phate or TST buffer. Starved irradiated! 
cells took up more oxygen than unirradi- 
ated cells both in phosphate buffer and 
in TST buffer at pH 4.5. Cells in TST buf- 
fer (pH, 4.5) used less oxygen than in 
phosphate buffer. Further, uptake in TST} 
buffer when measured immediately was: 
significantly less for irradiated cells. These 
decreased usages were repaired and in- 
creased even above the level of use ob- 
served in phosphate buffer by the addition 
of Ke. 

In addition to differences in oxygen use? 
due to the buffer employed, an altered re-+ 
sponse occurred also at a higher pH. Thus, | 
oxygen use in TST buffer at pH 5.0 was; 
significantly reduced in irradiated cells; 
when measurements were made immedi- 
ately and was similar to rather than greater: 
than that of unirradiated cells following: 
starvation. A similar response, i.e., a re- 
duced production by irradiated cells im- 
mediately following irradiation and a simi- 
lar production after starvation, was found| 
also for carbon dioxide formation in TST” 
buffer at pH 5.0. Evidently leakage or’ 
other cell injury resulting from irradiation! 
was affected by pH in this buffer. Cells; 
were not preconditioned by pH during star-- 
vation, since both unirradiated and irradi-- 
ated cell suspensions showed the same pH| 
(7.5) following starvation. 

Irradiated cells used less oxygen than} 
unirradiated cells during endogenous me-- 
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tabolism. Endogenous R.Q. values of ap- 
roximately 1.0 were obtained for both 
types of cells. R.Q. values for cells in phos- 
phate buffer (pH, 4.5) with glucose im- 
mediately after irradiation were alike 
(4.4) and were reduced upon starva- 
tion though relatively less for irradi- 
@ced cells (3.8 Ir.; 3.0 Unir.). In TST buf- 
fer at pH 5.0, the R.Q. of cells immediately 
after irradiation was 3.7 and of unirradi- 
ated cells, 2.5, whereas after starving both 
types of cells showed values of 1.9. 
In general starved cells used oxygen at 
a lower rate (ul/mg/hr) than before 
starving. A marked difference was evident 
ith unirradiated cells (table 3). Bair and 
Stannard (755) with cells from mature 
east cultures had observed Qo. values 
after starvation similar to those before. 
Consequently, additional observations were 
ade with cells from mature cultures 
own to a maximum cell count (1-2 X 
10*/ml) in contrast to the usual exponen- 
itial phase cultures. Obviously, though an 
quivalent dose of radiation could be given, 
ivision could not be interrupted, since 
hese cells were no longer dividing. A two- 
our 2.0 kr/hr irradiation produced cells 
(table 3, phosphate buffer “(old)”) which 
howed no effect on oxygen use due to ir- 
adiation and which used oxygen after 
tarvation at a rate similar to that of cells 
efore starvation. This lack of response in 
old” cells to irradiation or starvation oc- 
urred also in the case of carbon dioxide 
roduction (table 4). Also, the percent 
f£ dry weight loss upon starvation did not 
iffer between irradiated and unirradiated 
ells (8.20 = 1.06 Ir.; 8.00 = 0.84 Unir.; 4 
xperiments ), differences in viability of the 
wo types of cells were not evident in the 
ew measurements made (Ir. + Unir. 106 
3.6; 3 experiments) and P and N losses 
ere reduced and similar (2 experiments). 
Anaerobic carbon dioxide production 
see table 4), like oxygen use, was greater 
starved irradiated than in unirradiated 
ells, and was generally less in starved 
ells, markedly so in some cases. When 
roduction by irradiated cells was meas- 
red immediately in TST buffer (pH, 4.5), 
lower rate was observed than for unir- 
adiated cells. Again, this rate was in- 
reased by the addition of K* to a rate 
eater than that observed in phosphate 


< 


TABLE 3 
Oxygen use (Qo, values) by unirradiated (Unir.) yeast cells (handled in parallel with irradiated cells) and x-irradiated (Ir.) yeast cells 


immediately after irradiation and after a period of starvation in distilled water 


Starved 


Immediate 


Buffer 


Ir. + Unir. x 100 


Ir. 
88.4+20 (3) 


Unir. 
56,124.12 
41.7+5.3(14) 


ca 1.8 


Ir. + Unir. x 100 


Ir: 


Unir. 


se TG 14))s 


aE0}7/ ((@)) 


154 
152 


57.9 4.6(14) 


ca 1.2 


(1) 
+5.4(14) 
88.2 +3.6(4)3 


110 
108 


(1) 
84.9+4.4 (14) 
4.87 + 0.39(4) 


86.9 


(1) 
79.5+4.0 (14) 
5.50+0.24(4) 


79.3 


Succinate (4.9)! 
Phosphate (4.5) 
Phosphate (4.5) 


(endogenous ) 
Phosphate (4.5) 


83.123.0 (3) 94.8 +1.3(3) 81.6+0.8(3) SON ene leicoy) 98.8+ 1.5(3) 


eVinifmarers) (C3) 


(old) 
TST (4.5) (old) 


TST (4.5) 


(2) 


+ 8.0(3)3 
95.6+16 (4) 


140 
159 =:12 (4): 
291 


(2) 


881625) 407.) 
68.4+ 5.3(4) 
D7 see We (4) 


22.2 


(2) 


27.325 1.913) 
43.1+1.4(4) 


10.1 (2) 
31.545.3(4) 


69.6 


73.8 £4,2(4)3 
+#1.5(4) 
(2) 


100 
39.6 + 7.5(¢38)3 


99.1 


(2) 


36.5+6.1 (4) 
94.4+3.5 (4) 
INE (==P is) (3), 


48.6 


(2) 


48.7+5.0 (4) 


(2) 


93.6+£3.6 (4) 
45.6+2.4 (3) 


71.0 
43.2 


TST + POs, (4.5) 


TST+K?t (4.5) 
TST (5.0) 
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flasks. 
Zero time 


Figure in parentheses lists number of separate experiments each containing duplicate 


values with glucose are for the period of 100 to 200 minutes of readings; endogenous values are for the period 0 to 100 minutes. 


1 Figure in parentheses in buffer column is pH. 
averaged 100 minutes after irradiation was stopped. 


2 Means plus or minus standard error. 
3 Differs significantly from 100 to 5% level. 


D 
j=) 


Ir. + Unir. x 100 
seis) (C7 
99.7+0.63(3) 


206 


Ir. 
EARS G7.) 


Starved 


236 
314 


Unir. 
ese: (C10) 


123 
315 


TABLE 4 


Carbon dioxide production by unirradiated (Unir.) yeast cells (handled in parallel with irradiated cells) and x-irradiated (Ir.) yeast cells 
Ir. + Unir. x 100 


Anaerobic (QN3 ) 


Tr. 
== ils) (C7) 


Immediate 


immediately after irradiation and after a period of starvation in distilled water 
327 


Unir. 
329+ 16(7)2 
303 +14(3) 


Buffer 
Phosphate (4.5)! 
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buffer. Phosphate ion added to the TS) 
buffer did not repair the decreased carbo) 
dioxide production, but resulted in a fur 
ther decrease, relatively greater in irrad 
ated cells both immediate and starvec 
This phosphate ion effect was consiste 
with the apparently greater oxygen us 
and carbon dioxide production observes 
for cells in TST buffer plus K* compares 
to cells in phosphate buffer. Aerobic fer 
mentation (Qcos** — Qo.) values alsa 
showed a higher rate by starved irradiate§ 
cells than by unirradiated cells. 
In an attempt to evaluate differences iJ 
terminal pathways of respiration, gas e7 
change also was measured with sodiun 
pyruvate (0.1M) and sodium _lactati 
(0.1 M) as substrates in place of glucoss 
(phosphate buffer, pH, 4.5). A generalll 
greater oxygen uptake with pyruvate oo 
curred with starved irradiated cells, but uy 
take varied from 20 to 70 ul/hr/mg in dii 
ferent experiments with irradiated cell 
and from 7 to 30 for unirradiated celld 
Lactate was used at a higher average rati 
(ca 65 ul/hr) and with only a slightll 
greater (5u) usage by irradiated celld 
These data do not provide for clear-cu 
conclusions because of the great variabil 
ity encountered, especially with pyruvaté 
but apparently terminal systems also haa 
a greater capacity in irradiated cells. 
Viability. Constitutent losses and rela 
tively decreased respiratory capacities 
unirradiated starved cells suggested the 
more of these cells than irradiated cell 
may have died and lysed as a result 
starvation. However, viability measuré 
ments did not indicate large differences 
Cells plated immediately after irradiatio 
were 12% less viable than unirradiate’ 
cells, whereas after starvation irradiates 
cells were 23% more viable than unirradi 
ated cells. Buds on some unirradiated celll 
may have enlarged and increased the ceé 
count slightly during starvation, and a fer 
irradiated cells may have lysed during th 
same period, but changes in cell numbew 
were not significant (table 5). Measure 
ments of paired cells indicated some splii 
ting during starvation of unirradiated cell! 
but little change in irradiated cells. 
Exponential phase cells have many buck 
and irradiated cells are paired, consé 
quently cell units (units consisted of singl 


i 


aepR (Gabe 


+23 (4)3 

+90 (3)8 
64.4+ 7.6(3)3 
87.94 4.1(3) 


235 
187 
214 


+ 5.9(3) 
78.2425 (4) 
+25 (3) 
12.8+ 5.3(3) 
67.9414 (3) 
+14 (11) 


252, 
138 


an! {2}OX(8¥) 
C22 7A) 
+24) (3) 
20I8=E 8.603) 
Vilatles BOXED) 
81.9414 (11) 


140 


Zero time averaged 100 minutes after irradiation was stopped. 


Wieysas SEE 
95.2+ 2.9(3) 
4414-510) 3) 5 
84.8+ 4.6(4)8 
Aerobic Fermentation ( On, =O%;,) 


+ 7.0(3) 
spike} (())) 
57,229 3.93) 
#19 (4) 


== 18) (3) 
Figure in parentheses lists number of separate experiments each containing duplicate flasks. Rate 


112 


292 
148 
413 

n is pH. 


193+ 16(3) 
435 + 28(3) 
143+36(3) 
134+ 23(4) 


(Cold) 


TST (4.5) 
3 Differs significantly from 100 at 5% level. 


1 Figure in parentheses in buffer colum: 
2 Means plus or minus standard error. 
values were constant over a 200 minute period of measurement. 


TST+ PO, (4.5) 
Phosphate (4.5) 


Phosphate (4.5) 
TST+Kt (4.5) 
TST (5.0) 


TABLE 5 
Viability of cells, numbers of cells and numbers of paired cells in unirradiated (Unir.) and irradiated (Ir.) yeast cultures immediately after 


the period of irradiation (Im.) and after an additional period of starvation (St.) 


Paired cells (% of total) 


Starved 


Immediate 


Number of cells 


Viability 


Viability 
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% of 
immediate 


% of 


immediate 


% of 
unirradiated 


44.8+1.41(17) 
86.2 +0.62(17) 


56.5 + 1.52(21) 
90.0 +0.45(21) 


Unir. 


Ir. 


== 2-6(19)) 
97.5+£2.8(19) 


105 


Unir. 


71.328 


Unir. 


Ir. 


88.5+3.5(15)13 


Im. 


4 


97.5 


SSAC) 


123 


Figure in parentheses lists number of separate experiments. 


1 Means plus or minus standard error. 


2 Calculated from means rather than individual values. 


3 Differs significantly from 100 to 5% level. 


cells, paired cells or larger groups of cells 
each of which could produce only one 
colony on a plate) rather than total cells 
were counted in viability determinations. 
If one cell of a pair was viable and one not, 
viability data based on cell units would be 
biased. To evaluate such an occurrence 
cells were plated on grid marked agar, 
counted at succeeding times and the 
counts recorded by group size. If only one 
cell of a pair is viable a three-cell group 
will result from the first division, whereas 
if both are viable a four-cell group will 
result. The very small percentage of cells 
present at any time in groups of three 
(table 6) shows that in almost all cases 
both cells of a pair divided (generation 
time of these cells normally is approxi- 
mately 1.5 hours). Cells not in multiple 
groups at 8.5 hours indicated that 7% 
were non-viable. Because the percentage 
of non-viable cells was low, these data 
are not as critical as they would be if 
based upon cells showing a greater reduc- 
tion in viability. In addition, possible 
deaths after a number of divisions had 
occurred (cells in multiple groups) were 
not estimated, and conceivably some divi- 
sion delays which extended up to 8.5 hours 
may still have been overcome at a later 
time. Within these limits or deficiencies 
of measurement it may be concluded that 
the viability figure given above (table 5) 
is valid and is not greatly less than it 
should be. 


DISCUSSION 


The above observations describe a 
greater breakdown of unirradiated, con- 
trol cells than of irradiated cells during a 
period of starvation. Irradiation preceding 
starvation evidently blocked some reaction 
or reactions which normally allow cell 
breakdown as shown by changes in perme- 
ability, viability, P*’ uptake and respiratory 
capacity. In addition, an evidently de- 
creased K* retentivity and a small reduc- 
tion in endogenous respiration was ob- 
served immediately after irradiation. An 
effect upon K* permeability has been re- 
ported previously by Bair and Stannard 
(755) who also found an effect of starva- 
tion opposite the one described here, an 
enhancement of radiation injury when 
cells were starved before irradiation. 


62 


TABLE 6 
Cell division and growth of yeast cells plated on Wort agar immediately after irradiation 


Number of cells per colony (per cent) 


Hour! 7 Z A 
OD 12) 83.9 0.9 
2.9) 0.5 41.0 0.8 
4.5 0 14.9 0.4 
6.5 0 4.3 0.5 
8.5 0 20 0.4 
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Total 
4 multiple cells 
p22 1.8 797(5)2 
38.4 19.3 742(5) 
24.8 59.9 706(5) 
11.0 84.2 372(3) 
4.3 93.3 255(2) 


1 Time after plating. 


2 Figure in parentheses lists number of separate measurements totaled to obtain data 


shown. 


The prevention of breakdown by irradi- 
ation occurred in young exponential phase 
cells and not in old mature phase cells. 
This was demonstrated for oxygen use, 
carbon dioxide production, dry weight loss 
and viability, and presumably may hold 
also for other changes. A reduced injury 
by radiation of processes of growth and 
cell division was noted previously in cells 
of increasing age (Spoerl et al., 54). Dif- 
ferences between young and old cells are 
commonly recognized and are frequently 
reported. Thus with yeast, Eaton and 
Klein (757) ascribed differences in acetate 
oxidation to an adaptation process, and an 
instability in young cells, expressed by 
wide variations in the rate of endogenous 
respiration, has been noted by Speigelman 
and Nozawa (745). For other cells, Swann 
(58) has reviewed rather thoroughly the 
varied differences in activity which may 
exist between dividing and mature cells. 
In the present case apparently the radia- 
tion affected some process, or processes, so 
that it no longer possessed the lability nor- 
mally shown in young cells, nor the capa- 
city to allow division to occur, but was sta- 
bilized to a condition similar to that in old 
cells which did not show the breakdown 
during starvation described above for 
young cells. This response is suggestive of 
possible parallelisms with the “aging” ef- 
fect of radiation upon mammals. 

The immediate effect of irradiation ob- 
served in the decreased rate of endogenous 
respiration indicates, because this respira- 
tion for most strains of yeast is entirely 
aerobic (Speigelman and Nozawa, *45) 
and because exogenous glucose oxidation 
was not reduced, an interference with an 
alternate oxidative route such as the hexo- 
semonophosphate shunt or a decrease in 


amount or availability of substrate. Meas 
urements of total carbohydrate and a chro» 
matographic comparison of the trehaloses 
content of a TCA extract indicated no dif” 
ferences between unirradiated and irradii 
ated cells. However, these measurements 
probably were not adequately sensitive tc 
allow a distinction to be made. If it is con4 
sidered that an effect upon a shunt path 
way occurred, this together with the slight 
indication of increased oxygen use with 
glucose and K* present (table 3) suggests 
that it would not be surprising to find some 
uncoupling of phosphorylation as has bee 
observed with other cells by Maxwell andj 
Ashwell (753). Measurements showing theq 
continued formation of polyphosphate 
(Spoerl et al., 59) need not contradict this 
possibility, since the degree to which the 
effect occurred evidently was not extensive? 

Stimulation of oxygen use and carbon 
dioxide production by added K* was ob>} 
served in both irradiated and unirradiated 
cells, but before starving it was greater fou 
the irradiated cells (Relative rates: Unir: 
O: use 1.9, CO: production 2.2; Ir. O: use 
2.6, CO. production 2.8 (tables 3 and 4)), 
Repair of the radiation effect which allows: 
leakage of K* has been described previ 
ously (Bair and Stannard, 55) and Bruce4 
(58) has measured K* loss from irradi 
ated cells. In these cases the radiatiom 
dose was much larger than that used in thes 
present experiments. Because K* loss oc+ 
curred in the present experiments with a 
drop of only 12% in viability, the 5:1 dose 
ratio for retentivity to viability effects, ob4 
served by Bruce (’58), apparently does not 
hold for these young growing cells. K* 
also stimulated starved cells, the effect be 
ing about the same for oxygen uptake by 
both unirradiated (1.6) and _ irradiated 
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1.8) cells, whereas carbon dioxide pro- 
luction was increased to a greater extent 
Nn unirradiated (4.3) than in irradiated 
ells (3.2). Evidently during starvation 
1ew K* or other equilibria were established 
30 that irradiated cells no longer showed 
he deficiency when compared to unirradi- 
ated cells which was observed before star- 
yation. 

Another change in permeability, result- 
ng in this case from starvation, was ob- 
served in the greater loss of cell contents 
‘rom unirradiated cells. The amounts of 
? and N lost from the cells were no more 
han the amounts normally extractable by 
rCA (Spoerl and Looney, 758) and conse- 
juently could have been primarily soluble 
mtermediates. However, within certain 
imits at least, ortho P did not leak more 
readily from the cells. Rather it was 
markedly increased during starvation as 
part of an increase in total TCA extract- 
able P material (table 1). Changes in the 
number of cells during starvation (table 5) 
did not indicate a lysis which could ac- 
count for the greater amounts of P and N 
found in the water in which unirradiated 
cells were starved. 

The striking consequences of irradiation 
observed following starvation (increased 
O2 uptake and CO: production, loss of cell 
contents and reduced viability) were in- 
dependent of K* loss, since they occurred 
both in the presence or absence of K*. 
Whether or not they resulted from one 
radiation block is not easily evident and 
probably is more unlikely than likely. -It 
is evident that some at least are inter- 
related such as the preservation of carbon 
Jioxide producing capacity and the capa- 
sity to take up P* which processes Good- 
man and Rothstein (’57) have shown to 
be related. Certainly the possibility exists 
that one block only was responsible for the 
observed changes. 

The decrease in viability of unirradiated 
sells during starvation probably was a sec- 
mndary effect. In cells unaffected by an 
injurious agent, e.g., unirradiated cells 
here, a reduced viability would result from, 
rather than precede some other deteriora- 
‘ion. The relative decrease in viability was 
nly 23% , whereas carbon dioxide produc- 
ion, relatively, was 50% less after starva- 
ion. Thus, the preservation of viability in 


starved irradiated cells would appear to be 
related to the protection of some other 
process. On the other hand, the action of 
injurious agents such as radiation may 
concurrently affect viability and other 
processes to different degrees as Gonzales 
and Barron (’56) have emphasized. This 
was observed here in unstarved irradiated 
cells by no reduction in rates of respiration 
or fermentation, or P*® uptake (Spoerl et 
al., 59), though viability was reduced. 

A membrane change during starvation, 
somehow blocked by irradiation might pos- 
sibly link the various effects described in- 
cluding the loss of cell contents. Such a 
change might be either a reduced reten- 
tivity only or also involve carrier systems 
participating in transport mechanisms. A 
membrane deficiency slowing glucose up- 
take could be reflected in oxygen use, car- 
bon dioxide production and P®” uptake. 
The leakage of soluble metabolites from 
the cell would account for P, N and weight 
losses, as well as reduced viability at an 
advanced stage of loss. Additionally, re- 
duced oxygen use, P® uptake and carbon 
dioxide production might result directly 
from such a loss or as the result of an as- 
sociated effect upon glucose transport. The 
partial loss of these capacities by irradi- 
ated cells during starvation (complete 
preservation was not observed in young 
cells for any process, except perhaps viabil- 
ity) would be related to the partial loss in 
these cells also of cell constituents (table 
Di) 
Alternately, complete leakage of acid 
soluble materials from some, perhaps the 
non-viable cells, but not from all cells 
might account for the P and N loss. The 
dry weight loss observed probably would 
require that more than the acid soluble 
material was lost from 25 to 30% (i.e., 
non-viable ) of the cells, and both the P and 
N losses approach the maximum possible 
from this portion of cells. Another factor 
to be considered is the possibility of break- 
down and loss of additional N components 
of non-viable cells. If normally soluble 
compounds only were leaked from the cells 
these might have been replaced by syn- 
thesis after the cells were plated on Wort 
agar rather than resulting in non-viability. 
The loss of material which also occurred 
from irradiated cells, instead of indicating 
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a normal loss from any starved cell, might 
similarly be accounted for as complete 
leakage during starvation from those cells 
(12% ) found non-viable immediately after 
irradiation. 

The relatively high degree to which the 
capacity to produce carbon dioxide was 
preserved by irradiation; and conversely 
the marked reduction of this capacity in 
unirradiated cells, suggests the possibility 
of a selectively related action by radiation. 
Rothstein, et al. (59) have examined and 
discussed the structural location of the 
fermentation apparatus in yeast and con- 
clude that it is located in a relatively small 
peripheral region. Though the mitochon- 
dria of yeast tend to be located peripher- 
ally (Agar and Douglas, ’57), these struc- 
tures normally contain terminal pathway 
enzymes and appear to be radiosensitive 
rather than resistant (Noyes and Smith, 
59). Rothstein (54) also has summarized 
evidence indicating that two separate gly- 
colytic systems exist, the anaerobic being 
the large component. This system could be 
adjacent to the cell membrane, or be some 
part of it as has been suggested for respira- 
tory systems of other cells (Mathews and 
Sistrom, 59). It could be speculated then, 
that some action of radiation altered the 
membrane by stabilizing it, perhaps pri- 
marily the glycolytic component or adja- 
cent structure or perhaps also a mecha- 
nism involved in retentivity, against the 
deleterious changes which occur during 
starvation and thus produced the preserva- 
tion of various capacities as observed. 

Though the site of the induced radiation 
block or blocks has not yet been pinpointed 
and considerable speculation is needed to 
interpret the present results, the observa- 
tion of a functional block in young cells re- 
vealed by starvation, the measurement of 
concomitant changes and the implications 
discussed advance the attempt to locate a 
key effect. The relation between the block 
which stabilized glycolysis to a condition 
more like that which occurs in “old” cells 
and an apparently concomitant interfer- 
ence with cell division, a condition also 
occurring in “old” cells, is of considerable 
interest for our understanding of the in- 
hibition of cell division. Sites other than 
nucleic acid formation (Spoerl and Looney, 
08) quite evidently are involved in an in- 


hibition of division by radiation and cer 
tainly need elucidation. 


SUMMARY 


Growing yeast cells given a low dose 
of x-radiation adequate to inhibit cell divii 
sion were found, after a period of starva 
tion, to be more viable, more capable o 
taking up P® and oxygen and of producing; 
carbon dioxide than were unirradiated 
cells. The possibility was discussed, that 
the action of radiation was somehow tc 
stabilize the cell membrane or a compo: 
nent structure and thus preserve these 
capacities through the period of starvation 
as well as prevent a loss of phosphorus and 
nitrogen compounds such as_ occurred 
from unirradiated cells. The starvation re: 
sponses occurred in young cells but not 
in old cells. Additionally, a reduced potas: 
sium retentivity and rate of endogenous 
respiration were observed immediatel 
after irradiation. 
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